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SUMMARY 


This experimental program is one in a series of research programs undertaken 
by the National Aeronautics and Space Admi n i st rat ion to develop methods and 
data needed for design against fracture in structural components* This 
experimental and analytical program was directed to determine the effects of 
(l) combined tensile and bending loadings, (2) combined tensile and shear 
loadings, and ( 3 ) proof overloads on fracture and flaw growth characteristics 
of aerospace alloys* Tests were performed on four alloys used for aerospace 
pressure vessels: 2219-T87 aluminum, 5Al-2*$Sn (ELI) titanium, 6A1-4V BSTA 

titanium and high strength 4340 steel* Twenty surface flawed specimens of 
5Al-2*5Sn (ELI) titanium were tested in liquid nitrogen or liquid hydrogen 
environment to determine the effects of combined tension and bending stresses 
or pure bending stresses on fracture. 

Sixty surface flawed specimens of 2219 -T 87 aluminum and 6A1-4V £3STA titanium 
alloys were tested to determine proof test temperature effects on sub- 
sequent fracture strength and flaw growth characteristics. These static 
fracture and fatigue tests were conducted in room air, liquid nitrogen and 
liquid hydrogen environments. 

Eight inclined center cracked flat specimens and two cracked tube specimens 
of 4340 steel were tested to determine the fracture criterion under combined 
Modes I and II loadings* Ten circumferentially notched round specimens of 
4340 steel were tested to determine the fracture criterion under combined 
Modes I and III loading* Ten inclined surface flawed flat specimens loaded 
in tension and sixty-six surface flawed cylindrical specimens of steel, 
aluminum and titanium subjected to combined tension and torsion were loaded 
to failure to Investigate the fracture criterion under combined Modes, I, II 
and III loading* Thirty-six surface flawed cylindrical specimens were sub- 
jected to simultaneous cyclic tensile and torsional loadings to determine 
cyclic flaw growth character 1st Ics in the presence of K| , K| j and K|j| . These 
tests were conducted in room air o.r in gaseous nitrogen environment at -200°F 
(144K) * 

Surface notched photoelastic specimens were tested in pure tension or torsion 
loading to determine stress intensity factors around the notch periphery. 


XXI 



Results of combined tension and bending stresses showed that good estimates 
of failure loads can be made for structures containing surface flaws subjected 
to combined tension and bending stresses. 

Results of proof* test-temperatures showed that proof load/tempe rature histories 
used in the tests have a small beneficial effect or no effect on subsequent 
fracture strength and flaw growth rates. 

The empirical relationship Kj + K ( ( ss K ( or K ( /K |c + K M /K ||c = 1 adequately 

represents the fracture criterion under combined Mode t - 1 I loading for 4340 

steel at -200°F (.144KJ . For cracks subjected to combined Mode l-lll or 

l-ll-MI crack surface deformations, the application of K| j ^ up to about 70 

percent of K ||| cr has little effect on K ( at which fracture occurs. Similarly, 

the application of K| up to about 70 percent of has little effect on Kj ^ j 

at which fracture occurs. The lower bound of the fracture criterion F (K ^ , K|||) 

can be adequately described by a single quadratic equation of K |/ K j cr and K ( ||/ 

K, , . for steel, aluminum and titanium, 
filer 

Cyclic lives for surface flawed cylindrical specimens subjected to combined 
tension and torsion can be predicted from the cyclic lives of the surface 
flawed specimens subjected to pure tension and the static fracture criterion 
for the same flaw-specimen configuration under combined tension and torsion. 

Results of photoelastic tests showed that for crack geometries tested, for 
tension loaded surface flawed cylindrical specimens K| is maximum at the maxi- 
mum flaw depth and minimum at the intersection of the flaw periphery and the 
specimen boundary. Values of K| can be calculated with the stress intensity 
factor solutions of a surface flaw in a plate or a single edge crack in a 
plate within 15 percent. For torsion loaded surface flawed cylindrical spec- 
imens, K | j is minimum at the maximum flaw depth and is maximum at the inter- 
section of the flaw periphery and the specimen boundary. Values of K|| at the 
former location is approximately 5 percent of K ^ j at the later location. An 
equation was developed to calculate K j | at the intersection of the flaw 
periphery and specimen boundary within an accuracy of about 10 percent for 
these specimen-flaw configurations. 
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1.0 INTRODUCTION 


Structural components and pressure vessels for space shuttle and space vehicle 
systems may contain crack-like defects due to material processing or fabrica- 
tion procedures. Experience has shown that such defects can provide origins 
for brittle fracture either during initial pressurization of after limited 
service use. Fracture control methods for high strength metallic pressure 
vessel s ^ ^ have been developed to ensure that crack-like defects will not grow 
during service use to a size sufficiently large to impair performance. These 
methods require knowledge of the fracture toughness and subcritical crack 
growth characteristics of the constituent materials. Data obtained from tests 
of surface flawed specimens have proven to be the most useful for fracture con- 
trol of spacecraft and booster structure. Surface flaws are commonly found in 
aerospace hardware and are subjected to plane strain crack tip deformations. 
Since plane strain deformations result in minimum resistance to both brittle 
fracture and stress corrosion cracking, surface flawed specimens are a severe 
but realistic mode of potential failure origins in aerospace hardware. 

The application of fracture mechanics concepts to selection of materials, 

operating stress levels, appropriate inspection criteria, and definition of 

safe operational procedures for aerospace pressure vessels has been the sub- 

(2-8) 

ject of several NASA programs . A significant body of data on the mech- 

anical properties, fracture toughness, and subcritical flaw growth character- 
istics for selection of operating and proof test stress levels have been ob- 
tained from these programs. The previous programs have generally emphasized 
testing surface flawed specimens under uniform tension stress fields. However, 
potential fracture origins are often subjected to combined tensile and bending 
stress fields, pure bending stress fields and combined tensile and shear stress 
fields. Fracture criteria under static loading and flaw extension data under 
cycling loading for these situations are not available and are needed to 
assist initial design decisions. In the past, proof testing of pressure vessels 
has been conducted frequently at a relatively higher temperature, such as room 
ambient temperature, prior to proof testing at a cryogenic temperature. How- 
ever, the effects on flaw extension characteristics of proof testing at a room 
ambient temperature prior to proof testing at a cryogenic temperature still 
need to be evaluated. 
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This experimental and analytical program was undertaken to investigate the 
effects of (l) combined tensile and bending loadings, (2) combined tensile 
and shear loadings, and (3) proof overloads on the flaw growth characteristics 
of crack-like defects under conditions of plane strain. Tests were performed 
on four alloys used for aerospace pressure vessels: 221 9-T87 aluminum, 5A1- 

2.5Sn (ELI) titanium, 6A1 -4V BSTA titanium, and 4340 steel (a ys = 210 ksi 
(1448 MN/m 2 )). 5Al-2.5$n (ELI) titanium surface flawed specimens were tested 

at -320°F (78K) to determine the effects of combined tension and bending 
stresses and at -423°F (20K) to determine the effects of pure bending stresses. 
Flat specimens containing center cracks or surface flaws and cylindrical spec- 
imens containing circumferential cracks or surface flaws of 4340 steel were 
tested at -200°F (.144K) in a gaseous nitrogen environment and at 72°F (295K) 
under ambient conditions to study the effects of combined tension and shear. 
Surface flawed cylindrical specimens of 2219-T87 aluminum and 6A1 -4V £STA 
titanium alloys subjected to combined tension and shear loadings were tested 
under ambient conditions to determine failure criterion and cyclic flaw growth 
characteristics. An experimental stress analysis to determine the stress 
intensity factors of surface flaws in cylindrical specimens under tension or 
torsion loading was conducted using three-dimensional photoelasticity. Sur- 
face flawed specimens of 221 9-T87 aluminum and 6A1-4V BSTA titanium alloys 
were tested to investigate proof test temperature effects. 

Section 2 gives the technical background for semi -el 1 i pt ical surface flaws in 
plates subjected to tension. Description of materials and experimental pro- 
cedures common to Sections 4, 5* 6 and 7 are included in Section 3- Technical 
background and experimental procedures pertinent only to a particular series 
of tests is included in the section where the tests are described. Experimental 
results and interpretation of results are presented in Sections 4 through 8. 
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2.0 BACKGROUND 


The concept of the stress intensity factor employed In fracture mechanics 
is used to evaluate the experimental results in this report. The part 
through surface crack represents a common failure origin in many metallic 
aerospace structures. Surface cracked specimens were tested to develop 
data for use in life predictions, failure analyses, and fracture prevention 
of metallic structures. The background information for the expression of 
stress intensity factors for a semi -el lipt ical surface crack is given in the 
following paragraphs. This background information is given only for surface 
cracked specimens subjected to tensile loading. Tests of this kind of spec- 
imen are described in Sections 4, 5 and 6. The expressions for the stress 
intensity factors and the background information for other crack geometries 
and loading conditions are described in respective discussion sections. 


2.1 STRESS INTENSITY FACTORS FOR SURFACE CRACKED SPECIMENS IN TENSION 

Irwin^ derived an approximate expression for the stress intensity factor 
for a surface (semi -el 1 i pt i ca 1 ) cracked specimen subjected to uniform tension. 
This derivation was based on a solution of an elliptical crack in an infinite 
sol i d ^ ^ and on a solution of an edge-cracked sem i - i nf i n i te solid^' . The 
stress intensity factor at the maximum crack depth (point A in Figure 2-1) of 
the semi -el I i pt ica 1 crack was given as 


K i - “'tF 


( 2 - 1 ) 


where 


0. = [E (k) ] 2 - 0.212 (a/a ) 2 

y ^ 

a = applied uniform uniaxial gross tensile stress 
a ys = yield strength of the material 

E (k) = complete elliptical integral of the second kind 

2 2 2 

associated with k = 1 - a /c 

f v/ 2 

= / 1 -k 2 s i n 2 6de 

' o 

a = maximum crack depth 
2c = crack length 
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The above expression for the stress intensity factor was estimated to be 

applicable for flaw depth to specimen thickness (a/t) ratios and flaw depth 

to length ratios (a/2c) less than 0.5- A number of approximate solutions 

for the stress intensity factor at the maximum depth for surface flaws deeper 

than 50 percent of the plate thickness have been proposed by many inves- 

tigators v * .Of all these solutions, mathematically more rigorous 

sol ut ions ^ are all based on the alternating technique suggested by 

(. 19 ) 

Kantorovich and Krylov . Approximate solutions for the stress intensity 
factor of a semi -el 1 f pt ical surface flaw in a plate are given in Reference 
15 based on the alternating method with an elliptical crack in an infinite 
solid. Approximate solutions for the stress intensity factor of a part-cir- 
cular surface flaw in a plate are given in Reference 16 based on the alter- 
nating method with a circular crack in an infinite solid. Other approximate 


solutions for surface flaws are based on model analysis and empirical tech- 

(12-14,17) r . . , . ( 18 ) . ( 5 ) 

mques , finite element analysis and experimental results . 


In all these solutions, the stress intensity factor Kj at the maximum crack 
depth of a surface flaw in a plate can be expressed by the following equation 



( 2 - 2 ) 


where is a stress intensity magnification factor incorporating the effects 
of the stress free front and back surfaces. The stress intensity magnifica- 
tion factors M,, based on the numerical analysis of Shah and Kobayash i ^ ^ , 

(5) 

and the empirical analysis of Masters et al agree well with experimental 
data for a wide range of crack depth to length ratios a/ 2 c and crack depth to 
specimen thickness ratios, a/t. Stress intensity magnification factors, M , 
given by Reference 15 are available and applicable over a wider range of a/2c 
and a/t ratios. Hence, this solution is used in this report for the evalua- 
tion of surface flaw data from tension tests. 


Figure 2-1 is a plot of Q as a function of a/2c. Figure 2-2 shows stress 

. ( 1 5 ) 

intensity magnification factors M„ as a function of a/t and a/2c. 

r — |C ' 
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2.2 


RELATIONSHIP OF CRACK OPENING MEASUREMENTS TO CRACK GROWTH RATES 
FOR SURFACE FLAWS 


An expression for the crack opening displacement for a comnleteiy embedded 
elliptical crack in an infinite solid subjected to a uniform tensile stress 
a, is given in Reference 10. The maximum crack opening displacements, 
occurs at the diametral center of the crack and is given by the following 
equat ion 


<5 


o a 

E ETkT 


(2-3) 


where v and E are Poisson's ratio and Young's modulus for the material. 
Although, an exact expression is not available for the crack opening dis- 
placement for a semi -el 1 i pt i ca 1 surface flaw, such displacements should also 

be proportional to a, a and E(k) for elastic materials. By following Irwin's 

(o) 

procedure ^ to account for the effect of plastic yielding, the flaw 
opening displacement for a surface flaw can be approximated by 



where the factor C is a function of the material properties, and the ratios 
of crack depth to plate thickness, a/t,and crack depth to crack length, a/2c. 
Similar to in Figure 2-2, factor C is also affected by the proximities of 
two stress free surfaces located near a surface flaw in a plate. Thus, the 
value of C gradually increases as the flaw depth, a, increases for a 
given a/2c and thickness. This result is also confirmed in the experimental 
test results of Reference 20. 


The value of C can be determined at test initiation and final (termination) 
conditions from knowledge of the stress level, initial and final flaw sizes, 
and the corresponding flaw opening displacements from equation (2-4), 
as follows 


i 


C. 

i 


6 . v<r 

i 1 ^ 

a a . 
i 


f a a 


(2-5) 


5 


(2-6) 



Subscripts i and f denote initial and final conditions respectively. 

In order to relate any intermediate value of a/v^with <S ( or cycles N) , C 
has to be known. Flaw denth and shape changes gradually in a specimen. 

It was shown in Reference 20 that the C can be assumed to vary linearly 
between its initial and final values. 

In order to determine 6 or N for a selected flaw depth a, Q needs to be 
determined. This requires a relationship between flaw depth a and flaw 
length 2c. Since the relationship between a and 2c is known at inital 
and final conditions and the flaw shape changes gradually, it is assumed 
that 2c varies linearly with a, as given by the following equation. 

2c ~ 2c i = a " a i (2-7) 

2c r “ 2c, - a. 

f i f i 

The flaw shape parameter Q. can now be determined as a function of flaw depth 
a, and, in turn, 6 can be related to crack depth using equation (2~M . The 
number of cycles, N, corresponding to each selected flaw depth value, a, 
can be determined from the test record and, consequently, the change in N 
for each increment of flaw depth is known. The crack growth rate da/dN can 
then be calculated. 
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3.0 MATERIALS AND PROCEDURES 


3.1 MATERIALS 

A 5A1 -2 . 5Sn (ELI) titanium plate, 0.80 by 36 by AO in. (20.3 by QlA.A 
by 152A.0 mm) was obtained in the mill annealed condition per MIL-T-9OA6E. 
ingot composition provided by the vendor is listed in Table 3"1* This plate 
was from the same heat-batch as that used in Reference 6 tests. As noted 
in Reference A, the plate was partially annealed at mid thickness. The 
plate was annealed at 1 550°F (ill 7K) for 16 hours prior to machining test 
specimens. Mechanical properties of the alloy at -320°E ( 7 B K ) and -A23°6 (20K) 
are listed in Table 3-2. Surface flawed specimens used to evaluate the 
effects of pure bending, and combined bending and tension stresses (as 
described in Section A) wer e fabricated from this plate. 

6A1-AV titanium plates, 0.375 by 2A.0 by 72.0 in. (9-5 by 609.6 by l 828 * 8 rnm) 
and 1.0 by 2A.0 by 36. 0 in. (25 -A by 609-6 by 91 A. A mm) were purchased in 
the annealed condition per MIL-T-P0A6F, Type I I I , compos i t i on C. These plates 
were solution treated and aged (STA) per BAC 5613 Condition III specifications 
which are as follows: 

Solution Treat 1 725°6( 1 2 1 AK) 15 to 25 minutes V/ater Quench 

Age 1 000°F( 8 1 IK) A to 5 hours Air Cool 

Mechanical properties for 0.375 in. (9*5 mm) thick 6A1-AV (STA) titanium. 

plate are given in Table 3*2. As seen from Table 3*2, there is a considerable 

spread in the strength (yield or ultimate) values of longitudinal and transvers* 

directions. Also, the ultimate strength in the longitudinal direction 

is considerably higher than that normally encountered for the material. 

Mlcrostructural examination (Figure 3 _ 0 revealed that the material had 

a preferentially oriented and a banded microstructure making it behave 

anisotropical 1y. The mi crost ructura I examination also revealed that the 

roll inn direction was not parallel to the length of the plate (72.0 in. 

(l828.8mm) side). Instead, it was parallel to the width (2A.0 in. (609.6mm) 

side). A basal plane 002 pole figure as determined by a computerized X-ray 

(■> 1 ) 

analysis technique showed that the STA material had a high anisotropy 

i ndex . 
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Beta anneal treatments (1900°F ( 1 3 1 IK) for 25 minutes and air cool) were given 
to these plates to reduce the anisotropy index and to yield a random 
microstructure . The plates were then solution treated and aged (STA) per 
BAC 5613, Condition ill specifications, as mentioned before. The mechanical 
properties of 0.375 (3-5 mm) and 1.0 in. (25-4 mm) thick BSTA plates are 
given in Table 3“2. Table 3"2 shows that mechanical properties in longitudinal 
and transverse directions for BSTA plates are essentially identical. Basal 
plane pole figures determined for BSTA plates showed a low anisotropy index. 
Microstructures for 0.375 in. (9.5 mm) and 1.0 in. (25.** mm) thick BSTA titan- 
ium are shown in Figures 3“2 and 3“3> respectively. These microstructures 
exhibit large equiaxed prior beta grains with a fine a /6 platelet structure. 

Surface flawed specimens tested to investigate effects of proof test 
temperature and pressure cycles on subsequent fracture strength and cyclic 
life of pressure vessels (as described in Section 5) were fabricated from 
the 0.375 in. (9-5 mm) thick BSTA titanium plate. Surface flawed cylindrical 
specimens tested to determine a failure criterion and cyclic flaw growth 
characteristics under combined tension and torsion (as described in Section 
6 ) were machined from the 1.0 in. (25-** mm) thick BSTA titanium plate. 

A 4340 steel plate, 1.0 by 20.0 by 72.0 in. (25 * ^ by 508.0 by I 828.8 mm), 
normalized and tempered to a Rockwell C hardness of 33 maximum was purchased 
according to AMS 6359 specifications. Chemical composition provided by the 
vendor is listed in Table 3 - l. Specimens tested to investigate combined 
mode (Modes I, II and III) fracture were fabricated from this plate (as 
described in Section 6 ). EDM flaws were introduced in the specimens. The 
specimens were then subjected to heat treatment according to BAC 5617 
specifications so that the ultimate strength was 260-280 ksi (1793-1931 MN/m 2 ) 
at room temperature. BAC 56 1 7 specifications are given below. 

Austenitize 1550°F (ill 7K) 30 to 90 minutes depending on specimen thicknes^ 

Oil Quench l40°F (333K) maximum 

Double Temper 400°F (478 k) 3 to 4 hours, depending on specimen thickness. 
Mechanical properties of the heat-treated alloy are given in Table 3~3. 

2219-aluminum plates, 1.0 by 36.0 by 84 in. (25.4 by 914.4 by 2133-6 mm) and 
2.5 by 48.0 by 48.0 in. (63-5 by 1219-2 by 1219.2 mm) were obtained in the 
T87 condition per BMS 7~105C (equivalent to MIL-A-8920 ASG) specifications. 

Specified limits on chemical composition are listed in Table 3“1- The 
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plates were from the same heat-batch as that tested In Reference 6. 

Mechanical properties of these plates are given in Table 3"^ • Surface 
flawed aluminum specimens tested to investigate effects of proof test 
temperature and pressure cycles on subsequent fracture strength and flaw 
growth characteristics (as described in Section 5) were machined from 
1.0 in. (25. mm) thick plate. Surface flawed cylindrical aluminum specimens 
tested to determine a failure criterion and cyclic flaw growth characteristics 
under combined tension and torsion were fabricated from 2.5 in. (f>3-5 mm) 
thick plate. 

3,2 PROCEDURES 

Experimental procedures used throughout the test program are described in 
this section. Procedures applicable to a given series of tests only are 
reported in the section describing those tests. 

All test specimens were precracked by growing fatigue cracks from starter 

slots under low stress tension fatigue loadings. Starter slots with dimensions 

slightly less than the required final flaw dimensions were introduced 

using an electrical discharge machine (EDM). The EDM slots were then 

extended under low stress tension fatigue. The maximum cyclic stress 

levels used on specimens of different materials are given below: 

5Al-2.5Sn (ELI) Titanium specimens 20 to 35 ksi « 

(138 to 2h\ .MN/m' ) 

A3A0 steel specimens 20 to 35 ksi ? 

(138 to 2k] MN/m ) 

2219-T87 aluminum cylindrical specimens 8 to 10 ksi ? 

(55 to 69 MN/m") 

221 53 -T87 aluminum flat specimens 12 ksi 

(83 MN/rn ) 

6A! -4V 6STA flat specimens ^0 ksi ? 

(276 MN/m ) 

6A1-4V BSTA cylindrical specimens 25 to 31-5 ksi „ 

(172 to 217 MN/m ) 

Crack surfaces were perpendicular to the rolling direction for the 5A1-2.5 Sn 
(ELI) and 6A 1 -A V 6STA titanium specimens and parallel to the rolling direction 
for the 2219-T87 aluminum alloy specimens. 



Tests at -423°F (20K) were conducted with specimens completely submerged in 
liquid hydrogen within an enclosed cryostat. The liquid level was monitored 
by means of liquid level sensors. After the liquid reached the desired level, 
specimens were soaked for 15 minutes to stabilize test conditions. Maximum 
cyclic loads aonlied during the first loading cycle were controlled by means 
of a hand-operated valve. To avoid overloads, the initially applied maximum 
load was limited to ?D percent of the required maximum load. Minor load 
adjustments were made during subsequent cycles to raise the load to the re- 
quired value. The specified load level was always reached within three to 
five cycles . 

Tests at -320 F (7BK) were conducted by submerging test specimens in liquid 
nitrogen. Titanium alloy specimens and aluminum alloy specimens less than 
16 in. (406.4mm) in length were completely submerged within a closed cryostat. 
Aluminum alloy specimens greater than 16 in. (40l>4mm) in length were submerged 
only in the gage area using a wrap-around cryostat. Thermocouple temperature 
measurements showed that the gage areas were maintained at -320°F (78K) . 

Prior to the installation of the cyclic test specimens, a dummy specimen was 
used to adjust cyclic loads to the required values. The test specimen was 
then substituted for the dummy snecimen, cooled to -320°F (78K) , soaked for 15 
minutes, and tested. Due to the prior load adjustment, the required maximum 
cyclic load was applied on the very first loading cycle. 

Tests at -200°F (144 k) were conducted by exposing test specimens to a gaseous 
nitrogen environment in a closed cryostat. The temperature of -20ff F ( ) 44 k) 
was maintained in the cryostat by controlling the supply of gaseous nitrogen 
and liquid nitrogen. A thermocouple mounted on the specimen near the flaw 
was used to determine the specimen temperature. Loading was commenced 10 to 
15 minutes after the specimen had reached a temperature of -200°F ( 1 44K) . 

Mechanical properties were determined by testing specimens with uniform gage 
areas as shown in Figure 3“4. All mechanical property specimens were instru- 
mented with a 2.0 in. (50.8 mm) gage length extensoneter . Mechanical property 
tests were conducted using a strain rate of 0.0005 oer minute until the material 
yield strength was exceeded; the strain rate was then increased to 0.02 per 
minute until failure. The loading rates for each static fracture specimen 
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were such that failure resulted at about one minute after initial load applica- 
tion. All cyclic loading profiles were sinusoidal with a cyclic frequency of 
20 cpm CO. 33 Hz) at 72°F (295K) and -320°F (J8K) , and 3 cpm {0.05 Hz) at -423°F 
(2 OK) . 

Most surface flawed flat specimens were instrumented with a crack opening 
d i sp 1 acement (COD) clip gage to provide a continuous record of COD versus 
applied load for static tests and COD versus applied cycles for cyclic tests. 
When flaws were of sufficient size, the clip gage was mounted in the flaw as 
shown in Figure 3“5- For the smaller flaws, COD brackets were microspot 
welded on the surface of the specimen as shown in Figure 3”6, COD recordings 
were used both to calculate crack growth rates and as a basis for terminating 
tests just prior to failure. Normally, a cyclic test could be terminated 
within a few cycles of specimen failure by observing the COD output. 



4.0 SURFACE FLAWS UNDER COMBINED BENDING AND TENSION STRESSES 


Potential flaw locations in aerospace hardware such as weld lands are often 
subjected to combined bending and tension stresses. Critical flaw size and 
minimum cyclic life for these conditions can be estimated if a fracture 
criterion and a solution for the stress intensity factor are known. Very 
limited experimental data has been generated to investigate effects of com- 
bined bending and tension stresses on fracture and fatigue growth of surface 
flaws Under a NASA program^, this data was generated from 2219-T87 

aluminum and 5Al-2.5Sn (ELI) titanium base metal specimens with simulated 
weld land build up. The specimens were tested under uniform tension 
stresses and all static fracture tests were performed at -320°F (78K) in 
liquid nitrogen. The following describes the experimental program designed 
to further explore and evaluate effects of the combined bending and tension 
stresses, and pure bending stresses on fracture criterion of surface flaws. 

Material selected for the tests is 5Al~2,f>Sn (ELI) t i tan i urn wh i ch is from 

( 6 ) 

the same plate as the one tested in the previous program 

4.1 STRESS INTENSITY FACTORS FOR SURFACE CRACKS UNDER COMBINED TENSION 
AND BENDING 


Stress intensity factors for a semi -e 11 i pt i cal surface crack in a plate sub- 
jected to extensional (tensile) and bending stresses are calculated by the 
following expression 


K i = 


K i t + K 


lb 


(4-1) 


where 

K| = stress intensity factor due to combined extensional and 
bending loading 

K = stress intensity factor due to extensional (tensile) 
loading only 

K f . = stress intensity factor due to pure bending only. 

I b 


The stress intensity solution for surfocv. cracks at the maximum depth due to 
uniform tensile (extensional) loading is discussed in Section 2 (Equation 2-2) 
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Three approximate solutions are available to calculate the stress intensity 
factor at the tip (maximum crack depth) of a semi -el 1 i pt i ca I surface flaw in 
a plate subjected to pure bend i ng ^ 1 3 ’ 1 ^ ’ 1 7 ’ 22>) . The stress intensity factor 
due to pure bending, K |b> at the maximum crack depth is expressed in the 
fol lowi ng form 




(4-2) 


where Mg is the parameter for the stress intensity factor which is a function 
of the crack depth to length ratio, a/2c and the crack depth to specimen thick- 
ness ratio, a/ t . Og is the maximum bending stress at the outer fibers of the 
specimen. Approximate Mg values in Reference 13 were estimated for various 
values of a/2c and a/t (a/t <_ 0.5) ratios from the solutions of an edge 
cracked plate (a/2c = 0) subjected to pure bending^^ and a semicircular sur- 
face flaw (a/2c = 0.5) in a thick plate subjected to pure bending M 

B 

values in References 15 and 22 were obtained from the superposition of the 
solution of a surface crack in a plate in tension and the solution of an 
elliptical crack approaching the free surface of a semi - i nf i n ? te solid and 
subjected to linearly varying pressure. Mg values were obtained for various 
a/2c ratios and a/t values un to O-S- The other approximate solution for a 
surface crack in bending^^ was obtained from the line-spring model. The 
solution given in References !5 and 22 for Mg is available and applicable 
over a wider range of a/t values and it also seems to be more accurate than 
other solutions as indicated by three-dimensional photoelastic experiments , 
Hence, this solution was used for evaluation of the test results. The relation- 
ship of Mg with respect to a/t and a/2c is given in Figure 4-1. 

Two approximate solutions are available to calculate the stress intensity factor 
at the maximum crack length (point C in Figure 4-1) of surface flaws in a plate 
subjected to pure bend 1 ng ^ 1 ^ . At present, there is no solution available 
to calculate the stress intensity factor at any intermediate point on the flaw 
periphery between points A and C in Figure 4-1. 

4.2 TEST PROGRAM 


Effects of combined bending and tensile stresses on surface flaws were 
experimentally evaluated on 5Al-2.5Sn (ELI) titanium according to the test 
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program outlined in Table 4-1. Test specimen configurations are illustrated 
in Figure 4-2 for e = 0 and in Figure 4-3 for e # 0 where e is the offset 
of the center section of the specimen with respect to the end section of the 
specimen, as shown in Figure 4-3- The surface flaws in all these specimens 
had an a/2c ratio of approximately 0.25. The specimens with e = 0 were tested 
for two a/t ratios of approximately 0.3 and 0.4 under uniform tensile stresses 
These uniform thickness specimens were tested to determine the static fracture 
toughness of the material using flaws nearly identical to those tested under 
combined bending and tension stresses. Specimens with e % 0.045 in. (1.14 mm) 
and e'zz 0.090 in. ( 2.29 mm) were tested for two a/t ratios of approximate! y 
0.3 and 0.5 under applied tensile loadings. All these static fracture tests 
were conducted at ~ 320 o F (78K) in a liquid nitrogen environment. 

Effects of pure bending stresses on the fracture criterion of surface flaws 
were experimentally studied on 5Al-2,5Sn (ELI) titanium according to the test 
program outlined in Table 4-2. The test specimen configuration is shown in 
Figure 4-4. The tests were conducted under four point bending, as shown in 
Figure 4-4, to obtain a uniform bending moment over the test section of the 
specimen. The surface flaws in all these specimens had an a/2c ratio of 
approximately 0.25. The specimens were tested at four different a/t ratios 
of approximately 0.2, 0,3, 0.4 and 0.5* All these static fracture tests were 
performed at -423°F (20K) in liquid hydrogen environment. 

4.3 DESCRIPTION AND ANALYSIS OF RESULTS 
4.3.1 Specimen Calibration 

The load-bending stress behavior of the test specimen shown in Figure 4-3 is 
nonlinear. Therefore it was necessary to generate experimental load versus 
bending stress calibration curves. These curves were established for two 
different values of offset, e = 0.04 in. (1.03 mm) and e = 0.090 in. (2.29 mm) 
by testing unflawed specimens instrumented with four pairs of back-to-back 
strain gages located at the specimen centerline as illustrated in Figure 4-5- 
Each specimen was incrementally loaded at “320°F (78K) in applied stress 
steps of 25 ks 1 and strain readings were taken after the addition of each load 
increment. In both specimens, the measured strains were quite uniform across 
the specimen width at all load levels. Average tensile strain and average 
bending strain across the specimen width were determined for each particular 
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applied load. (if and are the average strains across the width of the 
specimen on the surfaces 1 and 2 in Figure 4-5, then the average tensile 
strain across the specimen section is (e^ + e^)/2 and the average bending 
strain across the width at the surface 1 is (e^ - z^)/2.) The bending stress 
for this applied load was then calculated by the following expression. 

D .. „ A . Average bending strain 

Bending stress = Applied stress x 2 rr 3 : — 

Average tensile strain 

The resultant load versus bending stress curves are plotted in Figure 4-6. 

The bending stress in a flawed spacinen at fracture was determined from these 
cal i bration curves. 

4.3*2 Static Fracture Tests under Combined Bending and Tensile Stresses 

Results of fracture tests, conducted to determine the fracture toughness 
of 5A1-2-5Sn (ELI) titanium at -320°F (78K) , are summarized in Table 4~3* 

The average value of the fracture toughness, K^, is 8*4.0 ksi/in (92*3 MN/itt ) . 
Fracture surfaces of all four specimens were very flat near the periphery of 
the surface flaw. was calculated according to equation (2-2) given in 

Section 2. 

Fracture tests results of the eight surface flawed specimens subjected to 
combined tension and bending stresses are given In Table *4-4. These spec- 
imens (Figure 4^3) were loaded to failure in tension loading in a liquid 
nitrogen environment. The fracture surfaces were flat around the flaw periphery 
in these specimens also. The critical stress intensity factor at failure 
(fracture toughness) was calculated according to equation (*4-1), (4-2) 

and (2-2). Maximum bending stresses a ^ at the outer fibers at failure were 
estimated for the failure load and the offset e by interpolation or extra- 
polation of the plots of bending stress versus applied load given in Figure *4-6. 
The resultant values of a D are given in Table 4-4. Results of Table 4-4 show 

D 

that the calculated value of K_ varies from 74.4 to 96.2 ksi/iTT (81.8 to 
3/2 cr 

105*8 MN/rrr ), compared to a range in fracture toughness K|^ of 8l,0 to 
89.5 ksi/Tn" (94.7 MN/n/^) in Table 4-3* The average value of K is 86.1 

0/2 ^ r 

ksi/in (94.7 MN/nr' ) and compares well with the average value of of 

84.0 ksi/TrT (92.3 MN/m^^) , 
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The lowest and the highest value of K in Table 4-4 differ only 12 percent 
from the average value of From these results, it can be deduced that 

good estimates of critical flaw sizes can be made from the tensile stress 

Oj and the bending stress, when is small compared to Conversely, 

good estimates of failure loads can be made for structures containing surface 
flaws subjected to combined bending and tension stresses when flaw size 

and the relationship between a and a is known. These conclusions are the 

u I 

same as those in Reference 6. 

Examination of the results of K with bending stress and a/t in Table 4-4 
indicates that neither high nor low values of K are directly connected with 
either high or low values of or a/t ratios. Hence, from this limited data 
it is concluded that this slightly higher range in values in combined 

tension and bending tests is due to scatter in the data and cannot be explicitly 
attributed to approx i ma t i ons in the stress intensity solution. 

4.3*3 Static Fracture Tests under Pure Bending Stress 

Results of fracture tests of the eight surface flawed specimens subjected to 

pure bending stresses are summarized in Table 4-5* Fracture surfaces for all 

eight specimens were flat. Specimens 2TPBH-1 and 2TPBH-2 were instrumented 

with a clip gage to measure the crack opening displacement. Load versus crack 

opening displacement records for these two specimens are shown in Figure 4-7* 

These records show that considerable crack growth occurred prior to fracture. 

However, the 5 percent secant offset load P as defined in Reference 27 for 

both of these specimens was approximately 91 percent of the failure load, P . 

Hence, the critical stress intensity factor calculated based on the fracture 

load is less than 10 percent hiaher than K calculated based on the load P r . 

b 

Since the other six specimens of Table 4-5 were not instrumented, the K values 
in Table 4-5 are calculated based on fracture loads to maintain uniformity in 
data reporting. The ratio of specimen width to flaw length W/2c, for the last 
two specimens, 2TPBH-7 and 2TPBH-8, in Table 4-5 was somewhat low at about 2.4. 
The resulting effect of proximities of the stress free surfaces in the width 
direction would be to reduce the measured value of stress intensity factor^^. 
Hence, results of these two data points are ignored. 
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As mentioned in Section 4-1, K cr values are calculated at point A (maximum 
crack depth) as shown in Figure 4-1. Examination of results in Table 4-5 
reveals that as the ratio a/t increases from 0.2 to 0.4, the calculated K 
drops from 85.6 to 73-6 ks i /Tn (94.1 to 80.9 MN/m 3/2 ) . This behavior can 
be explained as follows. 

For a surface flawed specimen subjected to pure bending, the maximum stress 

intensity factor is not necessarily at the maximum crack depth. Location of 

the maximum stress intensity factor depends upon the a/t and a/2c ratios. If 

the a/2c ratio is close to 0.5, the maximum stress intensity factor for pure 

bending occurs near point C at the surface in Figure 4-1. However, plane 

stress conditions exist at this point and the applied K must approach the 

plane stress fracture toughness for the fracture to originate there. The 

plane stress fracture toughness is substantially higher than the plane strain 

fracture toughness and hence, the fracture probably originates at a point on 

the crack periphery somewhere between points C and A, For a surface flawed 

specimen with a/2c ^ 0.25, the maximum stress intensity factor occurs at the 

maximum crack depth (Point A in Figure 4-1) for small a/t ratios. However, 

as the a/t ratio increases, the location of the maximum stress intensity 

factor would move from point A towards point C on the periphery in Figure 4-1. 

In Table 4-5, the stress intensity factor, K , is calculated only at the 

cr 7 

maximum crack depth (point A) and, as expected, the calculated K values 

cr 

decrease with increasing values of a/t. 

4.4 CONCLUSIONS AND OBSERVATIONS 

Limited data developed for surface flaws subjected to combined bending and 

tension stresses for small ratios of bending stress to tension stress 

(dg/o-f 5. 1/3) shows that calculated with equations (4-1), (4-2) and (2-2) 

compares quite well with the fracture touqhness K ir .. Data developed in this 

(6) E 

program and a previous program v indicate that good estimates of failure 
loads can be made for structures containing surface flaws subjected to combined 
bending and tension stresses when the bending stress is small compared to the 
tension stress. Conversely, good estimates of critical flaw sizes for struc- 
tures can also be determined for given applied stresses. 
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Limited results of surface flawed tests under pure bending show that as the 
ratio a/t increases from 0.2 to 0.4, the calculated K at point A (maximum 
crack depth) decreases from 85*6 to 73*6 ksWin (94.1 to 80.9 MN/m ). It 
is concluded that the location of maximum plane strain stress intensity factor 
and fracture initiation probably moves increasingly away from the point of 
maximum crack depth with increasing values of a/t. This possibility could 
not be quantitatively evaluated due to the lack of stress intensity solution 
for locations on the crack periphery other than the maximum crack depth. 
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5.0 EFFECT OF PROOF TEST TEMPERATURES ON FLAW GROWTH 

CHARACTERISTICS 


Proof testing of pressure vessels has been conducted frequently at room 
ambient temperature, prior to proof testing at a cryogenic temperature. 

Examples of such proof testing are Saturn S-ll liquid hydrogen tank, Mariner 
Mars 1971 Propulsion System Tanks, and the Apollo Lunar Module Descent Pro- 
pellant Tanks. However, the effects of this test sequence on the flaw growth 
characteristics has not been investigated. The following describes an ex- 
perimental program designed to evaluate the effects of proof testing at a 
higher temperature prior to proof testing at a cryogenic temperature on 
subsequent plane strain fracture strength and flaw growth characteristics. 
2219-T87 aluminum and 6A1-AV BSTA titanium materials are used for the inves- 
tigation. 

5.1 BACKGROUND INFORMATION 

It is a normal practice to perform a proof test on a pressure vessel at a 
temperature at or near the expected operating temperature of the vessel. It 
has been pointed out that a successful proof test to a pressure (a)x (the max- 
imum operating pressure) indicates that the maximum possible K|./K| at the 
maximum operating pressure is equal to 1/a, if flaw growth occurring during 
the proof test cycle is negligible^ 9 (Kj . is the stress intensity 

factor based on initial conditions and the maximum operating pressure.) This 

value of K../K. can then be used in conjunction with subcritical flaw qrowth 

I 1 I c 

data to estimate the minimum life of the vessel. 

If the proof test is performed at a temperature different from the operating 
temperature, the required minimum proof test factor is dependent upon the max- 
imum allowable K. ./K, value at operating temperature, and the variation in 

n ic (!) 

Kj of parent metal and welds with temperature . For cryogenic vessels 
made from materials which exhibit either a constant or increasing fracture 
toughness with decreasing temperature, a room temperature proof test can be 
designed to assure successful operation. The major advantage of this approach 
is reduced cost of proof testing. An example of such testing practice is the 
Saturn S - 1 C iiquid oxygen tank. For vessels made from materials which exhibit 
a decrease in fracture toughness with decreasing temperature, proof testing may 
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be undertaken at a temperature lower than the operating temperature. The 
advantage of testing at a temperature at which the is lower than at 

operating temperature is that either a lower proof test factor can be used, 
or a longer operation life can be assured. The primary disadvantage is a 
possibly higher risk of proof test failure. Examples of this proof testing 
procedure are the Mariner Mars 1971 Propulsion System Tanks, and the Apollo 
LM descent propellant tanks. These titanium vessels were subjected to a 
service temperature of about 70 to IOO°F (29*» to 311K), The proof test was 
conducted in liquid nitrogen at -320°F (78K) , In each case, the cryogenic 
pressure cycle was preceded by a lower stress room temperature pressure cycle. 
Very little work has been done to define the effects of this prior load 
cycle. References (29) and (30) involved studies of flaw growth in titanium 
which can occur during the proof cycle, but little data is available on the 
effects of the proof cycle on subsequent life. References (31) and (32) 
report the results of experimental work performed on 201 A aluminum weld- 
ments applicable to Saturn S - 1 I liquid hydrogen proof test requirements. 

This vessel, designed for -423°F (20K) operation, received an ambient proof 

( 31 ) 

cycle followed by a -423°F (20K) proof cycle. Test specimens showed 

that addition of the room temperature pre-stress resulted in a higher failure 
stress at -*t23°F (20K) . 

5.2 ANALYSIS 

Stress intensity factors for the surface flaws were calculated according to 
equation 2-2 using stress intensity magnification factors obtained in Ref- 
erence 15- 

Cyclic flaw growth rates, da/dN, for the surface flawed specimens were deter- 
mined from the instantaneous values of crack opening displacements according 
to the procedure described in Section 2-2. 

5-3 TEST PROGRAM AND PROCEDURES 

An experimental program was undertaken to investigate the effects of proof 
test temperatures on fracture strength and flaw growth characteristics of 
pressure vessels fabricated from 22 1 9~T87 aluminum and 6A1-4V 8STA titanium 
alloys. Test programs and procedure for studying the effects of proof test 
temperatures on 2213 — T 8 7 aluminum and 6A1-4V (5STA titanium are discussed 
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separately in the following two subsections. 


5«3»1 Test Program for 2219“T87 Aluminum 

Test program for the surface flawed specimens of 2219-T87 aluminum is shown 
in Table 5“1* Test program in Table 5-1 investigates the effects on fracture 
strength and flaw growth character i st ics caused by proof loading at room 
temperature prior to proof loading at a cryogenic temperature. The test pro- 
gram provides a direct evaluation and comparison of these effects with those 
of direct proof loading at the cryogenic temperature or at the room temperature 
as applicable. Fracture toughness at different temperatures for a plate of 

the same heat, thickness, and rollina batch were obtained in a previous pro- 

( 6 ) 

gram v . Fracture toughness, K^, for the material in the TS crack propaga- 
tion direction in the environments of ambient room temperature at 72°F (295K) , 
liquid nitrogen at “320°F {73K) , and liquid hydrogen at -423°F (201<) are 
41-9, 43.0 and 45*0 ksi/Tn (45*1, 47-3 and 49-5 , respectively. The 

specimen was designed such that both flaw depth a, and uncracked ligament t-a 
are greater than the plane strain plastic zone size. Surface flaws in all 
specimens had a flaw depth to length ratio of a/ 2 c ^ 0 , 25 , and a flaw depth 
to specimen thickness ratio of a/t ^ 0-35. The proof stress at room tem- 
perature was selected as 85 percent of the tensile yield strength. The flaw 
size was selected such that the stress intensity factor at proof stress is 
approximately 90 percent of the fracture toughness at room temperature . ‘ Based 
on the above considerations, the flaw depth a, length 2 c and the specimen thick 
ness, t, were selected as 0 . 21 , 0.84 and 0.60 in. (5-3, 21.3 and 15.2 mm), 
respectively. The specimen configuration used is shown in Figure 5"1* 

Proof stresses at -320°F ( 78 K) and -423°F (20K) were selected such that the 
stress intensity factor at the proof stress was 90 percent of the fracture 
toughness, K^, at the correspond I ng temperature. Selected proof stresses PI 
at room temperature, P2 at ~320°F ( 78 K) and P3 at -423°F (20K) in Table 5-1 are 
47.6, 58 . 0 , and 55-0 ks i ( 328 . 2 , 399-9 and 379-2 MN/m 2 ) , respectively. 

As seen from Table 5"1 , for each combination of proof operational sequences 
investigated, three specimens were tested. Specimens were first proof loaded 
to the indicated proof stress level at the shown proof test temperature or 
temperatures. One of the specimens was then statically fractured to assess 
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the effect of prior proof test temperatures on the fracture strength. The 

remaining two specimens were cycled to failure using two different peak 

cyclic stress levels. Operational peak cyclic stress levels were selected 

( 8 ) 

from the previous results of K|./Kj^ versus cycles to failure data v so 

that the cyclic life of the specimens was greater than 400 cycles {minimum 

cyclic life required for space shuttle orbiter pressure vessels). Operational 

cyclic stress levels Cj and at room temperature, and at -320°F (78 k) 

and C r and C, at -423°F (20K) in Table 5"1 are 40. f> , 44.0, 42.6, 46.4, 46.8 
5 o 2 

and 51-0 ksi (279-9, 303-4, 293-7, 319-9, 322.7, 351-6 MN/m ), respectively. 

5*3-2 Test Program for 6A1-4V 0STA Titanium 

Prior to conducting the test program to investigate the effects of proof 
test temperatures, a few tests were conducted to determine fracture toughness 
of 6A1-4V BSTA titanium at 72°F (295k) , -320°F (78 k) and -423°F (20K) in 
the LS propagation direction. Two specimens were tested at each of these 
temperatures . Specimens contained sem i -el 1 i pt !ca 1 surface flaws with the 
ratios a/2c ^ 0.25 and a/t < 0,50. Specimen configuration is shown in Figure 
5^2' for 72V (295k) tests and in Figure 5'3 for -320°F ( 78 K) and -423°F (20K) 
tests . 

The test program for investigating effects of proof test temperatures on frac- 
ture strength and flaw growth character i st ics in 6A1-4V fJSTA titanium is sum- 
marized in Table 5 - 2. Test specimens contained semi -el 1 i pt ica 1 surface flaws 
with a 0.02 in. (0.51 mm) , a/t « 0.1 and a/2c ss 0.20. Specimen configuration 
is shown in Figure 5 - 4. Flaw depth a was greater than the plane strain 
plastic zone size for -320°F (78k) and -423°F (20K) . U ncracked ligament t~a 
was greater than the plane strain plastic zone size for all temperatures. 

Proof stress at room temperature was selected as 90 percent of the tensile 
yield strength. For the other two temperatures , proof stress was selected 
such that the stress intensity factor at proof stress was approximately 90 per- 
cent of the fracture toughness at the corresponding temperature. Selected 
proof stresses PI at 72°F (295K) , P2 at ~320°F ( 78 K) and P3 at -423°F (20K) are 
l4l, 180 and 165 ksi (972,2, 1241.1, 1137*7 MN/m^) , respectively. These proof 
stresses are typical of proof stresses used in proof tests of Apollo pressure 
vessels made from 6A1 --4V titanium. Peak cyclic stress .level s and at room 
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temperature, and at ~320°F (78K). and and Cg at -423°F (20K) in Table 
5-2 are 125, 110, 159, 138, 138 and 1 1 9 ks i (861.9, 758.4, 1096.3, 951-5, 

951-5 and 820.5 MN/m^) , respectively. 

The test series in the first part of Table 5“2 was designed to obtain base- 
line cyclic flaw growth rate data (without a proof load cycle) for each of 
two peak cyclic stress levels at all three temperatures. 

The test series in the second part of Table 5-2 was designed to investigate 
the effects of prior proof loads at room temperature or at room temperature 
and cryogenic temperature on subsequent fracture strength at cryogenic tem- 
perature. 

The test series in the remaining portion of Table 5”3 was designed to inves- 
tigate the effects of proof tests at cryogenic temperature or at room tem- 
perature and cryogenic temperature on subsequent cyclic flaw growth rate at 
operating temperature. When combined with the first portion of the test 
program, these latter tests provide a direct comparison between basic flaw 
growth rates, flaw growth rates with a prior cryogenic proof load and flaw 
growth rates with prior room and cryogenic temperature proof loads. 

5 . 3.3 Procedures 

Materials and general test procedures are described in Section 3- All spec- 
imens of aluminum and titanium were instrumented with a crack opening dis- 
placement (COD) clip gage to provide a continuous record of COD versus applied 
load for proof tests and static fracture tests or of COD versus number of 
cycles applied for cyclic tests. All cyclic profiles ranged from zero to 
maximum applied stress and were sinusoidal. Cyclic frequencies were 20 cpm 
(0.33 Hz) at 72°F (295K) and -320°F ( 78 K) and 3 cpm (0.05 Hz) at -423°F (20K) . 

5.4 DESCRIPTION AND ANALYSIS OF RESULTS 
5.4.1 2219-T87 Aluminum 

Test results and specimen details for 2219-T87 aluminum alloy surface flawed 
specimens are summarized in Table 5“3 > Crack propagation direction for these 
tests was TS . Figures 5~5 and 5“6 contain the plots of COD versus applied 
load for surface flawed specimens subjected to proof loads at room temperature. 
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Figures 5“7 and 5“8 show the plots of COD versus applied load for specimens 
subjected to proof loads at -320°F (78 k) and -A23°F (20K) , respectively. 

Most of these plots show some nonlinear behavior between COD and load 
starting at approximately 70 percent of maximum applied load. The nonlinear 
behavior Indicates that either flaw growth or plastic yielding or both 
occurred during loading. As mentioned in Section 5-3*1, the gross applied 
stress at proof is approximately 80 to 90 percent of tensile yield strength 
at the corresponding temperature. Plastic yielding must have occurred 
around the flaw periphery for each specimen* Examination of fractured spec- 
imens and fractographs showed that during the proof load cycles at ~320°F 
(78K) in LN^ environment or at ~423°F (20K) in LH^ environment, the flaw 
grew in the depth direction from 0.002 in. (0.051 mm) to 0.010 in. (0.25^ mm). 

No growth occurred in the length direction. Fractographs and fractured sur- 
faces also showed that when a proof cycle wa s applied to the flawed specimen 
at room temperature or when the flawed specimen was pulled to failure at 
room temperature, delamination near the tip (maximum crack depth) of the flaw 
occurred, The height of the delamination with respect to the flaw plane in 
these specimens was less than 0.1 in. (2.5^ mm). 

Specimens 6A-1 and 6A~7 were subjected to proof loads at -320°F (73K) and 
-^23°F (20K) , respectively prior to loading them to failure at room temperature. 
Specimens 6A-4 and 6A — 1 0 were proof loaded at room temperature prior to proof 
loading at ~320°F (78 k) or -A23°F (20K) . These two specimens were then loaded 
to failure. Table 5"3 shows that the fracture strength for all four, specimens 
is the same within one percent. Specimen 6 A- 1 9 was proof loaded at room tem- 
perature and then was pulled to failure at -423°F (20K) . Specimen 6A-22 was 
proof loaded at room temperature and at -423°F (20K) and then was pulled to 
failure at ~A23°F (20K) . Fracture strength for both these specimens is the 
same within 0.5 percent. Above results indicate that the fracture strength 
was unaffected by the proof load histories used in these tests. 

Typical plots of COD versus number of cycles are shown in Figures 5 ~ 3 , 5“10 
and 5-1 1 for room temperature, -320°F (78 k) and -A23°F (20K) , respectively. 
Fracture surfaces showed that the specimens cycled to failure at room tem- 
perature had delaminations near the maximum crack depth. The height of de- 
lamination with respect to the flaw plane in these specimens was from 0.25 in. 
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(6.35 mm) to 0.80 in. (20*32 mm). Proof loading, pulling to failure or cycling 
to failure at -320°F ( 78 K) or -423°F (20K) did not cause delaminations to 
occur. As indicated in Table 5~3> every specimen subjected to cyclic loading 
had delaminations near the maximum crack depth either due to proof loading at 
room temperature or due to cycles applied at room temperature* Thus, it was 
not possible to calculate the flaw growth rates. 

The test program did not include any specimens to measure static fracture 

toughness of the material or cyclic life determf nat i on without application 

of prior proof load cycles. Thus, for the evaluation of the effects of proof 

load histories, basic data obtained in the previous programs for the same 

crack propagation direction (TS) in References 2, 6 and 8 had to be used. An 

extra specimen 6A~l8 was tested to measure fracture toughness of the material 

at -423°F (20K) in liquid hydrogen environment. As shown in Table 5“3 , the 

fracture toughness K. determined from this specimen was 49. 6 ksi/Tn (54.5 MN/ 

3/2 ^ 

rrr ). For the material of the same thickness, heat and rolling batch but 
a different plate in Reference 6, fracture toughness values in environments 
of room air, LN^ and LH^ were 41.0, 43.0, 45-0 ks i /TrT (45.1, 47*3, 49-5 MN/m^^) , 
respectively. For a plate of 2219-T87 aluminum of a different heat and rolling 
batch tested in Reference 8, the average values from static tests for 0.4 
in. thick specimens (as calculated by equation (2-2)) in environments of room 
air, LN^ and LH^ were 40.8, 42.0 and 42.0 ks i /Tn (44.9, 46.2, 46.2 MN/m^^) , 
respectively. The comparison shows that fracture toughness of the material 

(6 8 

at room temperature compares very well with the previously cited two programs v 5 
However, for LN- and LH„ testing, fracture toughness values are higher than 
reported before^ 9 . Another noticeable effect observed in the plate tested 

here was delamination at room temperature testing. The material tested in 
Reference 8 did not delaminate at room temperature static or cyclic testing 
even though the cyclic stress levels used in that program were comparable to 
the room temperature proof stress level of the present tests. 

Figure 5"12 shows a comparison of present room temperature data with previous 

(2 8 ) 

data v * obtained without prior proof load applications on the basis of K^./K^ 
versus cycles to failure. As mentioned before, data of Reference 8 and the 
present data have nearly the same fracture toughness at room temperature. The 
data obtained in Reference 8 was at a maximum cyclic stress level equivalent 
to 90 percent of cr as compared to 73 to 79 percent of a ^ in the present 
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program* From the comparison in Figure 5~t2, the cyclic life of a flawed 

specimen given a proof overload cycle prior to cyclic testing is anywhere 

from approximately 4 to 10 times that where no proof overload cycle is 

applied^ . The cyclic stress level differences between these two sets of 

data would account for only small differences in cyclic life. It is known 

that the occurrence of delamination near the flaw periphery increases the 

(2 3 4) 

cyclic life substantially ’ ’ * Hence, the improvement in cyclic life is 

due to the effects of proof overload cycles and/or del ami nat ions . However, 
the effect of each parameter cannot be separated since no cyclic data was 
generated in this program where proof load cycle was not applied.* 

Figures 5^13 and 5~l4 show similar comparisons as Figure 5~12 for LN^ and 
LH^ temperature cyclic lives. From a cursory look, data shows that the pre- 
load cycles do not have a large effect on cyclic life. However, the material 
tested in this program has much higher fracture toughness. From the results 
of References 2 and 8 it can be shown that flaw growth rates are nearly the 
same at a given K| level for both high and low fracture toughness material. 
Thus, the cyclic life at the same K|. ./K^ ratio would be lower for the high 
toughness material than the low toughness material. Based on the above 
result, present data with preload effects would show a substantially longer 
cyclic life. Once again, the improvement in cyclic life is due to the effects 
of proof overload cycles and/or de 1 ami nat ions ♦ 

5.4*2 6A1-4V $STA Titanium 

Results of tests for static fracture toughness and proof test temperature 
histories on 6A1-4V 8STA titanium surface flawed specimens are described and 
analyzed in the fol lowing two sections* All these tests were conducted for 
the LS crack propagation direction. 

5.4.2. 1 Static Fracture Toughness Tests 

Results and specimen details of static fracture toughness tests for the 6A1- 
4V BSTA titanium surface flawed specimens are summarized in Table 5“4 . For all 
these tests, the initial a/2c ratio was 0 * 25 , the initial a/t was less than 
0.5 and the gross applied stress was considerably less than tensile yield 
strength. Plots of applied load versus crack opening displacement for four 
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specimens tested at 72°F (295K). and -320°F (_78 k) are given fn Figure 5~15« 

Figure 5 ” 1 5 shows no evidence that flaw growth occurred until the applied 

load approached the fracture load and fracture toughness K and K 1C cal- 

(27) L 

culated with five percent secant offset load and failure load 

respectively are identical. values for the 6A1-4V BSTA titanium are 

56*9, 52*8, and ^.9 ks I /fn" (62.6, 58.1, and MN/rrr^) at 72°F (295K) , 

“320°F (78K), and -t*23°F (20K) , respectively. 

5. 4. 2. 2 Proof Test Temperature Effects Tests 

Results of tests conducted to investigate the effects of proof test tem- 
peratures on fracture toughness and f 1 aw growth rates are summarized in 
Table 5 ~ 5 * Figures 5~16, 5“ 1 7 and 5 - )8 contain the plots of COD versus 
applied load for the surface flawed specimens subjected to proof loads at 
72°F (295K) , -320°F ( 78 K) and -423°F (20K) , respectively. Some of the load 
versus COD plots show some nonlinearity at the maximum applied load. At the 
maximum proof load, the gross applied stress is up to 90 percent of the tensile 
yield strength depending upon the proof temperature. This causes plastic 
yielding around the flaw periphery and thus introduces nonlinearity in the 
load versus COD curves. For the specimens proof loaded at 72°F (295K) and 
~320°F (78 k) , records of COD versus load were also obtained for unloading. 

These records in Figures 5~l6 and 5“ 1 7 show that unloading plots are parallel 
to loading plots. This would indicate that no flaw growth occurred during 
proof loadings. 

Examination of fractured surfaces under low magnification (30X) showed that 
no growth occurred during the proof load applications in the ambient room air, 
liquid nitrogen, and liquid hydrogen environments. 

Specimen 6 T -9 was proof loaded at room temperature and specimen 6T-31 was proof 
loaded at room temperature and -A 23 °F (20 K) and then they were loaded to failure 
at -*+23°F (20K) , as shown in Table 5~5* The fracture toughness calculated for 
these specimens is at least 15 percent higher than that calculated from spec- 
imens which were not proof loaded prior to loading to failure. This limited 
data implies that application of proof load cycle may be beneficial in raising 
the effective fracture toughness, K^. Specimen 6 T -7 which was proof loaded 
at room temperature prior to loading to failure at -320°F ( 78 K) also showed a 
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beneficial effect of proof loading on K^, However, specimen 6T-8 which was 
proof loaded at room and liquid nitrogen temperatures prior to loading to 
failure at ~320°F ( 78 K) showed no effect on of the proof cycles. From 
these tests, it can be concluded that during the specified proof load cycles, 
flaw growth does not occur, and that the effect on fracture toughness of 
6A1 -4V 6STA titanium ranges from negligible to highly beneficial. 

Typical plots of COD versus number of cycles are shown in Figures 5~19, 5-20, 

and 5-21 for 72 °F (295K) , “ 320 °F ( 78 K) and -423°F (20K) , respectively. These 

plots along with data of initial and final flaw sizes and cyclic stress were 

used to obtain cyclic flaw growth rates, da/dN, versus stress intensity 

factor, Kj . Figures 5“22 to 5-25 contain the plots of cyclic flaw growth 

rates (with and without prior proof load cycles) against for the surface 

flawed specimens cycled at 72°F (295K) , ~320°F ( 78 K) and -A23°F (20K) . The 

basic flaw growth rates obtained without the application of a prior proof 

load cycle are shown by open or filled circle symbols. Figures 5~22 and 5"23 

contain cyclic flaw growth rates for specimens which were cycled at 72°F 

(295K) under ambient room air environment. Some of the specimens in Figure 

5-22 were subjected to proof loads at room and/or LM^ temperatures prior to 

cycling them in a room air environment. Some of the specimens in Figure 5"23 

were subjected to proof loads at room and/or LH 2 temperatures prior to cycling 

them in a room air environment. The data points indicated with symbol E in 

Figures 5“22 and 5~23 are used to distinguish crack growth rates and associated 

( 2 ) 

stress intensity factors obtained from the end point method^ . (in the end 
point method, the initial and final dimensions of flaw depths are used with 
applied number of cycles to calculate an average flaw growth rate da/dN. The 
calculated flaw growth rate da/dN is assumed to correspond with the stress 
intensity factor which is the average of the initial and final stress intensity 
factors.) Data of Figures 5 ”22 and 5“23 indicate that within the scatter of 
data the flaw growth rates for the specimens subjected to proof loads at room 
and/or LN^ tempera Cures , or room and/or LH^ temperatures are comparable to 
basic crack growth rates at room temperature without a prior proof load. 

Figure 5-24 contains cyclic flaw growth rates for surface flawed specimens 
which were cycled at -320°F ( 78 K i under liquid nitrogen environment. Some of 
these specimens were proof loaded at room and/or LN^ temperature prior to 
cycling at LN^. Data in Figure 5~2k shows that flaw growth rates for specimens 
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subjected to room and/or LN^ temperature proof loads are comparable to basic 
crack growth rates within the scatter limits of data. Thus, the proof load 
applications have small or no effects on flaw growth rates of 6A1 -4V (3STA 
t i tan i um . 

Figure 5“25 contains cyclic flaw growth rates for surface flawed specimens 
which were cycled at ~A23°F (2 OK) in a liquid hydrogen environment. Some of 
these specimens were proof loaded at room and/or LH^ temperatures prior to 
cycling at LH^ temperature. Data in Figure 5~25 show that the flaw growth 
rates for specimens subjected to room and LH^ temperature proof loads are 
slower than the basic crack growth rates. Flaw growth rates for specimens 
subjected to proof load at LH^ temperature alone are comparable to basic flaw 
growth rates. 

From the above results of all cyclic tests, it can be concluded that proof 
load temperature histories used in these tests have small or no effect on 
flaw growth rates of surface flawed specimens of 6A1-4V £STA titanium. 
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6.0 FRACTURE UNDER COMBINED MODES IN 4340 STEEL 


The majority of past experimental and theoretical fracture and crack growth 
studies have dealt with the opening mode of deformation (Mode I conditions). 

Many investigations have shown that under Mode I conditions, crack instability 
occurs when the stress intensity factor reaches some critical value. Under 
actual service conditions, cracks may be subjected to loading conditions such 
that combined modes of crack surface displacements are present. A limited 

(34-45) 

number of theoretical and experimental investigations have been con- 

ducted to determine the effects of combined mode loadings on fracture. These 
are described briefly in Section 6.1. Section 6,2 includes stress intensity 
factors for combined mode loading. Section 6.3 deals with test program, spec- 
imens and procedures. Section 6.4 describes test machine and instrumentation. 
Section 6.5 includes test results and a discussion of test results. 

6.1 BACKGROUND AND TECHNICAL DISCUSSION 

6.1.1 Crack Tip Stress Fields for Isotropic Elastic Bodies 

Cracks in bodies subjected to combined tension and shear stresses can be sub- 

(33) 

jected to three different types of displacements . Each type of displacement 
is associated with a particular stress field in the immediate vicinity of the 
crack tip. The elastic stress field is dominated by stress singularities and 
the strength of the singularity Is expressed by a stress intensity factor. 

The relative displacement of crack surfaces in the immediate vicinity of a 
crack tip can be divided into three components or modes. As illustrated in 
Figure 6-1 the three modes are: the opening Mode I in which crack surfaces 

displace perpend icu 1 ar to the plane of the crack; the edge sliding Mode II I rt- 
which the crack surfaces displace in the plane of the crack perpendicular to 
the leading edge of the crack; and the tearing Mode III in which the crack 
surfaces displace in the plane of the crack in a direction parallel to the 
leading edge of the crack. 

Elastic stress fields in the immediate vicinity of a crack tip are related to 
the mode of crack tip displacement. In terms of the cartesian coordinate 
system shown in Figure 6-2, plane strain crack tip stress fields corresponding 
to each mode of displacement are included below. Nonsingular terms are not 
Included in the following expressions for stresses. 
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control the 


It is evident that the stress intensity factors K| , Kj | and K j ^ | 
strength of the crack tip stress singularities. These stress intensity factors 
are functions of the dimensions of both the crack and the body in which the 
crack is located, and the magnitude and distribution of the loads applied to 
the body . 

6.1.2 Theories of Fracture Under Combined Mode Loading 


For a cracked component under combined mode loading, two theories of fracture 

(34) 

have been advanced; maximum stress criterion and strain energy density 
(35 36 ) 

factor theory ■ . These theories are explained briefly in the following 

parag raphs . 


6. 1.2.1 Maximum Stress Criterion 

(34) 

Erdogan and Sih stated the commonly recognized hypothesis for crack 
extension in a brittle material under slowly applied plane loads as: the 

crack extension occurs in the plane perpendicular to the direction of the 
greatest tension. In terms of the coordinate system shown in Figure 6~3 » the 
above hypothesis states that the crack extension starts at x = +a along the 

radial direction for which a 0 is maximum and the shear stress t . is zero. 

t7 r 0 

For the mixed mode problem of Figure 6-4, the angle of crack extension, 8^ 
can be shown as 


K. sine + K (3 cose 0 - 0- (6-4) 

1 oil o 

For the crack and loading configuration of Figure 6-4, the relationship between 
the crack inclination angle $ (shown in Figure 6-4) and fracture angle 9 q 
( angle of crack extension with respect to the initial crack plane) predicted 
by the above equation is shown in Figure 6 - 5 . In Figure 6 - 5 , the propagation 
of a crack normal to the applied stress, i.e., 6 + = 90°, is shown by a 

straight line. 


For materials In which a small plastic zone develops at the crack tip, Erdogan 

(34) 

and Sih proposed a fracture criterion based on strain energy release rate 
considerations of Griffith. For the case of plane loadings that impose both 
Mode I and Mode II crack tip displacements, the fracture criterion is 
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constant 


(6-5) 


11 I 


K. + 2a 


12 


K|K m 


+ a 


22 ‘M 1 


where the constants a.^ (1 , j = 1,2) are functions of material properties. 

Since it is not possible to calculate elastic strain energy release per unit 

crack extension when the crack extension is not coplanar with the original 

crack plane, the above fracture criterion was deduced by reasoning that the 

strain energy release rate for a curved crack should be a homogeneous quadratic 

(34) 

function of K. and K . . In the special case where the crack propagates 

, . 1 1 1 f-iL) 

in its original plane; a^ = a 22 abd a J2 = 0 ^ . 


6. 1.2. 2 Strain Energy Density Factor Theory 

Sih(35»36) recently proposed a theory of fracture based on the field 

strength of local strain energy density to deal with the combined mode crack 
extension problems. For a crack in an elastic solid subjected to all three 
modes of crack surface displacements, the strain energy dW stored in a small 
elemental volume dV near the crack, tip is represented by the following 
equation where the terms of order higher than 1/r are neglected. 


4t 7 = — (a. . K. 
dV irr 11 I 


+ 2a j 2 KjK,! + a 22 K ( ( + a 33 K ( , , ) (6 6) 


where 


‘11 


[ (3 - bv - cose) Cl + cose)] 


a 12 = t cos6 “ ( J " 2v )J (6-7) 

a 22 = TSp" “ y )(i ~ cose) + (.1 + cose) (3 cose - i)J 


a 33 bv 

where v is the Poisson's ratio and p is shear modulus and 0 is the angle » 
defined in Figure 6-2. The strain energy density function ^ near the crack 
possesses a (l/r) singularity. The strain energy density factor S represent- 
ing the intensity of the strain energy density field is defined below and 
varies with the polar angle in Figure 6-2. 
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( 6 - 8 ) 


S a n K, + 2a j £ K | K rr + a 22 K ( ( + a^ K, j , . 

The above formulation is for plane strain conditions. Strain energy density 
factor theory assumes that the crack initiation starts in a radial direction 
along which strain energy density or S is s tat ? onaryand the critical intensity 
governs the onset of crack propagation. According to this theory, is an 
intrinsic material property independent of the loading conditions and crack 
configurations. This implies that if is obtained for the pure Mode I con- 
dition (which is directly related to Griff ith-1 rwin critical stress intensity 
factor K| cr ), the fracture load and crack rotation direction can be predicted 
for that material environment combination for any mixed mode loading condition. 
For the planar mixed mode problem of Figure 6-4, theory predicts the frac- 
ture angle 0 q with respect to inclined angle (3 as shown in Figure 6"5- The 
fracture angle 0 q in theory is dependent upon Poisson's ratio. As seen 

from Figure 6-5, the fracture angles 6 for a cracked component under an i n- 

° (34) 

plane loading by the maximum stress criterion , strain energy density fac- 
tor theory ^^,36) ^ ener gy theory and the crack propagation normal to the 

applied stress are quite close. Thus, fracture angle is not a sensitive 
parameter to verify the above theories of fracture under combined mode loading. 


6.1.3 Experimental Work Under Combined Mode Loading 


A limited number of experimental investigations have been conducted to inves- 
tigate the effect of combined mode loading conditions on fracture at flaws. 

These experimental studies include the effects of Mode l-ll interaction on 
plaxiglass , balsa wood , f i berglass , and 2000 and 7000 series 

(39-44) 

aluminum alloys and Mode l-ll I interaction on 7000 series aluminum 

(39 40 (40 

alloys * and K-9 tool steel v . The results of these investigations are 
presented briefly in the following paragraphs. 

(34) 

Erdogan and Sih tested plaxiglass specimens containing through-the-thickness 
cracks. They found that cracks subjected to pure Mode II loading propagate 
when Kj | reaches some critical value and equation (6-5) was a satisfactory 
failure criterion when K| and K ( ( were calculated based on the initial crack 
conditions. Based on these tests they concluded that the final mode of fracture 
seemed to be always that of an opening mode. 
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tested plates of orthotropic materials (balsa wood and fiberglass) con- 
taining cracks under combined Mode I and 11 loadings. Some of the specimens 
tested under combined Mode l-ll contained slanted cracks and were loaded in 
pure tension, similar to that in Figure 6-4. Other specimens tested under 
Mode I and li were first loaded in pure tension (cracks were perpendicular 
to load) and then were loaded to fracture in pure shear under picture frame 
type loading while maintaining the tension load. Some specimens were tested 
in pure shear to obtain critical stress intensity under Mode II, i.e., K^. 

All specimens subjected to shear loadings were constrained from buckling. 

It was found that slow stable crack extension took place prior to sudden 
fracture. However, under all loading conditions (Mode I, Mode l-ll and Mode 
II), the crack propagated along an essentially straight line collinear with 
the original crack. It was also found that the applied loading conditions 
for combined Mode l-ll (inclined crack under pure tension or crack subjected 
to tensile loading and shear) did not have any effect on fracture strength. 

2 

The experimental data revealed that the empirical equation (K ( /K| c ) + (Kj|/K)| c ) 

1 represented adequately the fracture criterion for both balsa wood and fiber- 
glass . 

Wilson^*^ conducted a limited series of tests on 7178-T651 aluminum alloy 
center cracked plates under combined Mode l-ll loading, and on 7075-T651 
aluminum alloy round notched bar specimens under combined Mode l-ll I loading. 
Directions of slanted cracks in 7 1 7& — T 6 5 1 aluminum coincided with the rolling 
direction of the plate. Test results showed that equation (6-5) provided a 
satisfactory failure criterion for both Mode l-ll and Mode l-ll I loading for 
the particular thicknesses and geometries tested when K ^ ^ is replaced by K ^ j j 
in equation (6-5) for Mode l-ll I loading, Kj and K| | were calculated based on 
the initial crack length and orientation and the fracture load. 

Pook v ' tested inclined center cracked specimens of DTD 5050 under combined 
Mode l-ll loadings. Inclined cracks were located normal to the rolling 
direction. Slow, out-of-plane crack growth occurred prior to instability. 

(42) 

Kj and K| | , in these as well as test results of Liu , were calculated based 
on the initial crack length and orientation and the fracture load. Either 
equation (6“5)or (6-8) provided an adequate fracture cri terion . 
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( 41 ) 

Pook also tested single edge cracked and center cracked specimens of DTD 
5050 and HE15W aluminum alloys and K9 tool steel under combined Mode l-lll 
crack surface displacements. The cracks were inclined with respect to the 
plane of the plate and the specimens were loaded in tension. It was found 
that crack extension started when Kj was nearly equal to Kj and for the 
applied range of K. 1 . 1 , | | had a srna 1 I effect on initiation of crack growth. 


(il 2) 

Recently, Liu tested panels of 2024-T3 and 7075~T651 aluminum alloys con- 
taining fatigue cracks oriented at different angles. The panels were loaded 
in a picture frame setup to apply shear loads at the edges of the panel so 
that combined Mode l-ll crack surface displacements could be applied. No 
buckling constraints were applied to avoid buckling in the panels. The cracks 
were perpendicular to the rolling direction of the materials. Slow, stable, 
out-of-plane crack growth occurred in all specimens prior to fracture except 
those loaded in pure Mode II. Experimental data showed that the empirical 
equation + CK j j/K-| | cr ^ ^ - - ] represented adequately the frac- 

ture criterion. Because this interaction effect was substantially different 
than that found by Wilson^”^ and Pook ^ ^ ^ , Liu concluded that the Kj and Kj ^ 
interaction behavior is a function of the applfed loading conditions. However, 

the tests conducted with the slanted single edge cracked specimens of 7075-T651 

( 43 ) 

aluminum and loaded fn tension showed very similar results as described 
above . This would indicate that the fracture criterion is not significantly 
dependent upon loading conditions. 


Very little published information exists to date on the crack propagation rates 
under combined loading of opening and sliding modes. I ida and Kobayashi 
conducted a series of fatigue crack propagation tests under Mode i-ll loading 
in thin 7075-T6 aluminum panels containing inclined center cracks. It was con- 
cluded that the crack rotated immediately and propagated in the direction where 
Kj was maximum. 

Roberts and Kibler^*^ obtained fatigue crack propagation rates for thin 202A-T3 
bare aluminum plates subjected to Mode I extensional loads and Mode II transverse 
bending loads. They found that the fatigue crack grew In a manner which did 
not reduce the Mode I I component of the load to zero. 
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6.2 


SPECIMEN CONFIGURATIONS AND STRESS INTENSITY FACTORS FOR COMBINED MODE 
LOADING TESTS 

6.2.1 Test Specimen Configurations 

Specimens for the combined mode loading tests consisted of the following 
categories. Inclined through cracked flat specimens subjected to uniform 
tension, as shown In Figure 6-6, were used for combined Mode l-ll tests. 

Through cracked tube specimens, subjected to pure torsion, as shown in Figure 
6-7, were used for the Mode II tests. Round notched bar specimens subjected 
to simultaneous tension and torsion loading, as shown in Figure 6-8, were used 
for the combined Mode i-l I I test. Flat specimens with inclined surface cracks 
and subjected to uniform tension (Figure 6~9) and surface flawed cylindrical 
specimens subjected to simultaneous tension and torsion loading (Figure 6-10) 
were utilized for the combined Mode l-ll-ill tests. Stress intensity factor 
solutions, used to evaluate the test data of the above specimens, are described 
in the following paragraphs. 

6.2.2 Stress Intensity Factors 

Utilizing the boundary collocation method, Wilson' 0 '^ obtained the stress 
intensity factors K| and | for a strip containing an inclined center crack 
(Figure 6-6) and subjected to uniform uniaxial tension. The resulting stress 
intensity factors Kj and K j ^ are shown in Figure 6-11 as a function of the 
ratio of crack length to the specimen width, for the values of the inclined 

angles <J> = 0, 22.5, 45 and 75 degrees (0, 0.39, 0.79 and 1 .31 rad). The relation 
ship of Kj and ^ to the applied stress, crack length, crack angle and specimen 
width displayed in Figure 6“11 were used to compute stress intensity factors 
for inclined center cracked specimens. 

Mda and Kobayashi^ ^ used the direct stiffness method of finite element 
analysis and obtained the stress intensity factors for a plate containing a 
slanted crack and subjected to uniaxial tension. The crack opening displace- 
ment tCOD). components v, perpend I cu 1 ar to the crack, and u, parallel to the crack 
were used to determine the stress intensity factors K ( and Stress Intens- 

ity factors, thus obtained from COD are considered to be accurate within ten 
percent. Figure 6“12 and 6-13 show the stress intensity factors in the non- 
d i mens i ona 1 i zed form for cracks initially inclined at 45 and 60 degrees 
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(0.79 and 1.05 rad) to the applied loading direction, respectively. The 

initial inclined length of the crack is one-twelfth of the width of the plate. 

The stress intensity factor for the slanted crack is nond i mens 1 ona 1 i zed with 

respect to crv'^ra" where 2a is the horizontal projection of the crack length. 

Figure 6-12 shows that prior to any crack extension (no crack rotation), 

K| = Kjj, as expected for a 45 degrees CO . 79 rad) inclined crack. As the 

crack turns and increases in length Cas observed in their experiments), Kj 

increases rapidly while Kj j decreases sharply. Figure 6-12 also shows 

Isida's correction factor for a straight tO deg. Inclination) center crack 

( 33 ) 

of length 2a in a strip J . Figure 6-13 shows similar results for a crack 
initially inclined at 60 degrees 0.05 rad). Both Figures 6-12 and 6-13 
show that as the crack turns and extends, the opening mode stress intensity 
factor, Kj climbs rapidly to approach Kj for a horizontal crack with length 
equal to that of the projected length of the inclined crack and Kj j drops 
rapidly and also changes sign showing the shift in the sliding direction of 
the Kj | mode crack extension. Kj for an inclined crack is always somewhat 
lower than the Kj for a horizontal crack even on the basis of projected crack 
length. This indicates that the fracture data and fracture criterion under 
combined mode loading should be evaluated using the crack configuration at 
the fracture load. Fracture criterion under combined mode loading f (Kj , K||)> 
based on initial crack length, orientation and fracture load, could be signif- 
icantly in error if slow crack growth and crack rotation occur prior to. fracture. 


Stress intensity factors for the circumferentially cracked tubes (Figure 6 - 7 ) 
subjected to pure torsion were calculated from the following equation 


K. , = C x/ira" 
I I m 


(6 -9a) 


where C is the membrane component of the shell curvature correction factor and 


m /i / \ 

the relationship between and the shell parameter X is given In Figure 6-1 V , 

The bending part of the stress intensity factor is approximately three orders 
smaller than the membrane portion and thus it is negligible. The shell param- 
eter X and the shear stress t are given by the following equation 


_ r 12 (i - v 2 ) -] 1 ^ 

L r v J 


T = 


2irr 2 t 


(6-9b) 

(6-9c) 
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where T is the applied torque, v is the Poisson's ratio, 2a is the crack 
length, r is the average radius of the tube, and t is the thickness of the 
tube . 


Stress intensity factors for round notched 
tension and torsion loading were calculated 


bars subjected to simultaneous 

(47 48) 

by the following equations 


K, = Cl. 72 -j- - 1 .27) ~~ (6-10) 

K m = 0.41 -fr (6-11) 

where D is the diameter of the bar, d and r are the diameter and the radius of 
the bar in the plane of the crack, respectively and P and T are the applied 
force and the torque, respectively. 


The expression for K ( is due to Bueckner 


(.33) 


As mentioned in Section 8.3*1, 


the expression for Kj for a round notched bar given by Harris is probably 
more accurate than the above expression. Hoever, the Bueckner expression was 
used since it is generally accepted. As shown by Figure 6-15, the expression 


for K. . . given by equation 6-11 is approx Tma tel y the same as given by Wilson 


(39) 


and Harris 


C48) 


within 2 percent over the range of d/D under cons i derat ion . 


The flaw peripheries of the fiat specimens containing inclined semi -el 1 ipt ical 
surface cracks and loaded by uniform uniaxial tension are subjected to con- 
tinuously varying ratios of to to ♦ Since the stress intensity 

factor for a surface flawed specimen subjected to uniform shear stress is not 
available, the stress intensity factors ( and Kj for the specimens tested 
were calculated using a solution for an elliptical crack in an infinite solid 
subjected to uniform shear stress^^. Since ratios of the crack depth to the 
crack length and the crack depth to the specimen thickness ratios are nearly 
the same for all test specimens, the effects of the free surfaces would be 
approximately the same. Hence, in the following expressions for K| j and K||| 
the effects of the free surfaces are not taken into account. The stress 
intensity factors and Kj j ^ are maximum at the maximum crack depth and 
* s zero there. is maximum at the surface crack length and K| ^ j is nonexistent 

there. Hence, the stress intensity factors K| , K ( , K ( ( f for the test results 
were calculated at the maximum crack depth and at the surface. The stress 
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intensity factors at the maximum depth were calculated by the following 


equat i ons . 




K l = 

M|_,0COS 2 <{)'^^ 

(Reference 15) 

(6-12) 

K ll = 

0 

(Reference 49) 

(6-13) 

K |l l " 

Mj | |.acos<|> s i n4>V7ra 

(Reference 49) 

(6-14) 

where M., ^ ^ is a function of a/t and a/2c and is 
K 

given by Figure 2 

-2 and 

M m - 

0 - v)k 2 


(6-15) 

(k 2 - v) E(k) + k' 2 K(k) 


The stress intensity 
equations . 

factors at the surface were 

calculated by the 

following 

K ! “ 

1.11 acos 2 ^/"^" Va/c 


(6-16) 

K l, " 

M | | acos4> s i n<J> nra" 

(Reference 48) 

(6-17) 


K m - 0 


(Reference 48) 


( 6 - 18 ) 


where 


k^/a/cT 


11 (k 2 - v) E ( k) + k ' 2 K ( k) 

2 2 2 2 2 

v is the Poisson's ratio, k 1 = a /c , k + k 1 


(6-19) 


= 1 


E (k) , the complete 


elliptic integral of the second kind is defined before in Section 2.1 and K(k) , 
the complete elliptical integral of the first kind is given by the following 
equat ion 

nil 


Ktk) « 


de 

/Y-k 2 sin^9 


( 6 - 20 ) 
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No solution is available for the stress intensity factors for surface flawed 
cylindrical specimens subjected to tension and/or torsional loading. As dis- 
cussed in Section 8, the analysts of three dimensional photoelastic data did 
not give a conclusive expression for the stress intensity factor. Since most 
of the specimens had approximately the same flaw sizes., as described later in 
Section 6.5, the failure stresses were used to correlate the effects of the 
combined modes of loading rather than the stress intensity factors. 

6.3 TEST PROGRAM AND PROCEDURES 

A test program, comprised of surface flawed and center cracked flat specimens 
under tensile loading, was conducted to determine the effects of the directions 
of crack propagation on the fracture toughness of 43*t0 steel. As described in 
Section 6-5, the crack propagation directions had little or no effect on the 
fracture toughness for the directions tested, hence, in the test programs of 
inclined through cracks and surface cracks in flat plates, the crack pro- 
pagation directions were not kept in one particular direction. Effects of 
combined Mode I and I I crack surface deformations on fracture were experiment- 
ally evaluated according to the test program outlined in Table 6-1. Test spec- 
imen configurations are illustrated in Figures 6-6 and 6 - 7 . The inclined 
center cracked specimens were loaded in uniform uniaxial tension at-200°F (1AAK) 
in gaseous nitrogen environment to generate Mode I and combined Mode I -I I load- 
ing conditions. In order to extend fatigue cracks in the planes of EDM slots 
in these specimens, the specimens were precracked by loading through 0.75 in. 

(19 mm) diameter holes whose centers were perpendicular to the EDM slots. In 
order to reduce the load required for precracking the EDM slots, two slotted 
holes were machined in the specimen as shown in Figure 6 - 6 . After precracking 
the EDM slot to the required sized crack, the final specimen was cut such that 
the crack was oriented at the required angle with respect to the axis of loading. 
Inclined crack length to the specimen width ratio was approx imatel y 0.5. 

Through cracked tube specimens (Figure 6-7) were precracked in tension loading 
and then subjected to torque only to determine the critical sliding mode stress 
intensity factor, Kj | c at room temperature. These specimens were instrumented 
with clip gages to continuously measure the angular deflection across the crack 
plane versus torque. 



Effects of the combined Mode I and III crack surface displacements on fracture 
were experimentally evaluated according to the test program outlined in Table 
6-2. Test specimen configuration is illustrated in Figure 6-8. A circum- 
ferential V-notch of 60 degree Cl -05 rad)., terminating with a notch root 
radius of 0.001 to 0.002 i n^. (.0.025 to 0.051 mm) was machined into each of 
these round bar specimens. The root diameter of this machined V-notch was 
approximately 0.55 in. (1A.0 mm). Prior to fracture testing, the specimens 
were precracked under low stress tensi'on fatigue (maximum stress = 30 ksi 
(207 MN/m ), stress ratio - 0.06). It was intended to grow a circumferential 
fatigue crack of 0.05 in. ( 1 .27 mm) depth from the V-notch root for each 
specimen. However, the fatigue crack grown from the notch in the first spec- 
imen precracked became eccentric. Since the fatigue cracks developing from 
notches tended to become eccentric, the fatigue cracks were kept small. 

Fatigue cracks as measured from the notch periphery were from 0.005 to 0.050 
in. (0.127 to 1.27 mm). Fatigue cracks grown in two specimens of this 
material containing circumferential V-notches under rotating bending fatigue 
were more eccentric than those grown under tension fatigue. Figure 6-16 shows 
a photograph of a fatigue crack grown under rotating bending fatigue, As 
shown in Figure 6-17, the specimens to be precracked under rotating bending 
fatigue required very close tolerances . in diametral dimensions, They also 
required high stresses to initiate fatigue cracking such as 60 ksi (4l4 MN/m ) 
and more. For these reasons, precracking was not conducted under rotating 
bending fatigue. 

As seen from equations (6-10) and (6-1!), since is dependent on the tensile 
1 oad P on ly and Kj | j is dependent on the torque T only, the ratio of /K| j j 
can be controlled by the proper ratio of P/T. The round notched bar specimens 
were loaded to failure under simultaneous tensile and torsional loading at a 
predetermined ratio of P/T at room temperature. All specimens were instrumented 
with clip gages to continuously measure the axial deflection and the angular 
deflection across the crack plane as a function of applied tension and torsion, 
respectively. The loading machine and the instrumentation are described in 
Section 6-4 . 

Effects of combined Mode I, II and III crack surface displacements on fracture 
were experimentally investigated according to the test programs outlined In 
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Tables 6-3 and 6-4. Test specimen configurations for the surface flawed 
flat and round specimens are shown in Figures 6-9 and 6-10. The inclined sur- 
face flawed flat specimens were loaded at -200°F (l44K) in a gaseous nitrogen 
environment in uniform uniaxial tension to create Mode I and combined Mode 
l-ll-lll loading conditions. The procedure for precracking the EDM slots was 
identical to the one described before for the inclined center cracked specimens. 
The flaw depth to plate thickness ratio was approximately 0.5 to 0.6 and the 
flaw depth to the flaw length ratio was approximately 0.25 in these specimens. 
The surface cracked round specimens were loaded at room temperature to failure 
under simultaneous tensile and torsional loading at a predetermined ratio of 
P/T . All surface flawed round specimens were instrumented with clip gages 
to continuously measure axial and angular deflections across the crack plane 
as a function of applied tensile and torsional loading, respectively. All 
surface flawed round specimens were intended to have the same flaw sizes, 
namely, the flaw depth to diameter ratio of 0.3 and a flaw depth to the flaw 
I ength ratio of 0.4. 

6.4 TEST MACHINE AND INSTRUMENTATION 

Round notched bar specimens and cylindrical specimens with surface flaws were 
subjected to simultaneous tensile and torsional loading. They were loaded in 
a 150 kip (O .672 MN) capacity tension-compression machine which was modified 
to apply simultaneous tensile and torsional loading, as shown in Figure 6- 1 8 . 

The specimen was loaded in tension by a vertical hydraulic cylinder and torque 
was applied independently by a couple using two horizontal hydraulic cylinders 
(Figure 6-18). The hydraulic cylinders were actuated by servo valves respond- 
ing to electrical signals to apply the programmed load. Directly in series 
with the specimen was a load cell providing a nulling feedback signal when 
the applied load reached the programmed value, thus forming a closed-loop 
control system. The load cell was made of a circular tube so that it could 
carry a relatively high axial load and be sensitive to torsional measurements. 
Axial load was measured and controlled by two independent four arm strain gage 
bridge circuits installed in the axial direction and torque was measured and 
controlled by two independent four arm strain gage circuits with the gages 
installed at a 45 degree (0.79 rad) angle with respect to the axial direction. 
The required ratio of the tension load with respect to the simultaneous torque 



was maintained by a drum programmer * 


The axial and angular displacement across the flawed cross-section were 
measured by electrical displacement indicators. Load versus displacement 
curves were generated independently for axial and for angular displacement 
by X-Y plotters. For round specimens containing surface flaws, crack open- 
ing displacement measurements in the axial direction were taken using clip 
gages, as shown in Figure 6-19. Holding-tabs with knife edges were microspot 
welded with one spot weld close to the flaw edge along the centerline of the 
flaw, and the other end of the tab held down by a slip-joint. For round 
notched bar specimens, axial displacement measurements were taken by using 
two electrical displacement indicators of the horseshoe type attached to 
clamps one inch apart on the specimen, as shown in Figure 6-20, The average 
output of the two displacement indicators was used to generate the load- 
displacement curves. For angular displacement measurements, two clamps, one 
inch apart along the specimen were attached to the specimen as shown in 
Figures 6-19 and 6-20. Knife edges were machined at the end of arms extended 
from the clamps to hold clip gages for angular displacement measurements . For 
convenience, the knife edges, where the clip gages were attached, were located 
one inch away from the vertical centerline of the specimen. 

6.5 TEST RESULTS AND DISCUSSION 
6.5*1 Fracture Toughness Tests 

The plane strain fracture toughness of 43^0 steel at room temperature was 
determined in LS and LT crack propagation directions by testing flat specimens 
containing semi-elliptical surface cracks, and central through-the-thlckness 
cracks, respectively (Figure 6-21). The fracture toughness at -200°F (l44K) 
under gaseous nitrogen environment was determined in LS and TS directions of 
crack propagation by testing surface flawed specimens and in LT direction by 
testing center cracked specimens. All surface flawed specimens were instru- 
mented with clip gages to measure crack opening displacement ( COD) versus 
applied load. Typical records of load versus COD for each crack propagation 
direction and test temperature are shown in Figure 6-22. Figure 6-22 shows 
that the relationship between the load and crack opening displacement is 
linear almost up to the fracture load. This Is especially true for the 
tests at -200°F (l4^K) which indicates that little or no crack growth occurred 


N 
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prior to fracture. Detailed test results are presented in Table 6 - 5 . As 

observed from Table 6-5, the plane strain fracture toughness values for the 

LS and LT directions at room temperature were 72.2 and 73. 9 ksi/TrT, (79.4 
3 /2 

and 81.2 MN/m ), respectively. The plane strain fracture toughness values 
in LS, TS and LT directions at -200°F (l44«) were 40.1, 40.6, and 4l.6 ks i /fn" 
(44.1, 44.6, 45.7 MN/nr ), respectively. The test results indicate that 
fracture toughness is essentially independent of the crack propagation direc- 
tions in these planes. 

6.5.2 Mode I-ll Tests 


Test results and specimen details for 4340 steel specimens containing inclined 
through cracks and loaded to failure in tension at -200°F (144 k) in a gaseous 
nitrogen environment are summarized in Table 6-6. The photograph in Figure 
6-23 shows fracture surfaces of these specimens. As seen from Figure 6-23, 
fracture (crack propagation) surfaces were oriented perpendicular to the 
applied tension. Examination of fracture surfaces did not reveal any apparent 
slow crack growth. These specimens were not instrumented with COD gages. 
However, instrumented surface flawed specimens of the same thickness tested 
under identical conditions did not show COD evidence of slow crack growth 
prior to fracture (Figure 6-22). Stress intensity factors Kj and K ( j in Table 
6-6 were calculated according to equations given in Figure 6-11. Initial 
crack length and orientation and the fracture stress were used to calculate 


Kj and K j ^ . Results of Table 6-6 are plotted in Figure 6-24 as at fracture 

versus Kj | at fracture. The plot in Figure 6-24 shows that the fracture 

criterion f(Kj, K^) for 4340 steel under combined Modes l-ll loading at -200°F 

( 1 44K) is well represented by a straight line relationship between K ( and K| ( 

and this relationship can be well described by the equation K. + K. ~ K. . 

I II I c 

The fracture criterion f ( K ^ , K|j) for 43^0 steel is significantly different 
than that defined by either equation (6-5) or (6-8) or that inferred from the 
test data of Wilson^^ or Pook^^. In order to compare directly with the 


existing test data* a comparison has to be made on the basis of 
K| | /K | |c* Thus, ^j| c f° r material needs to be determined* 



versus 


Test results and specimen details for two cracked tube specimens of 4340 steel 
(Figure 6-7) are summarized in Table 6“7* These two cracked tubes were loaded 
to failure in pure torsion to obtain Mode II critical stress intensity factor, 
^llc at (295K) in ambient room a i r environment. As mentioned before, both 
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specimens were instrumented with clip gages to measure angular deflection 
across the crak plane against the applied torque. A typical plot of angular 
deflection versus applied torque is given in Figure 6-25- As seen from this 
plot for the tube specimen B, abrupt crack extension (pop-in) occurred at an 
applied torque of 9200 in-lb (1060 joules) and the complete fracture occurred 
at an appl ied torque of 11,250 in-lb Cl 2 70 joules). The applied gross shear 
stress at failure is 116 ksi which is slightly below the shear yield stress 
of 124 ksi . (Shear yield stress is assumed to be equal to tensile yield 
stress divided by V3" from Mise’s yield condition.) Visual observation as well 
as results of Figure 6-25 indicated that considerable crack growth had taken 
place prior to fracture. Fracture surfaces of the two tube specimens are shown 
in Figure 6-26 - Fracture for these specimens initiated at a point A shown 
in Figure 6—26, and the fracture angles tangle between the crack extension and 
the Initial crack) were 70 and 75 degrees (l.22 and 1-31 rad) for specimens A 
and B, respectively. This compares very favorably with the fracture angles 
predicted by equation (6-4) of the maximum stress criterion. 


The stress intensity factor for the cracked tube loaded in torsion was 

calculated according to equations (6~9) . The sliding mode stress intensity 
factors K. . , based on the initial crack lengths and pop-in torques were 65-5 
and 67.5 ksi/TrT (72.0 and 74.2 MN/nr ) for specimens A and B, respectively. 
Critical stress intensity factors, K , based on initial crack lengths and 
fracture torque were 78.5 and 82.4 ksi/TrT (86.3 and 90.6 MN/nr ) for specimens 

3/9 

A and B, respectively. Thus, average K| | was 80.4 ksi/TrT (88.4 MN/nr ). 

Assuming the ratio of K | ^ c at -200°F (144 k) to K|| c at 72°F (295K) is the same 

as K. at -200°F (l44K) to K. at 72°F (295K) , the calculated value of K. . for 
Ic Ic 3/9 

-200°F ( 1 44k) is 45-2 ksi/Tn (49.7 MN/nr 7 ; . A K, , of 45-2 ksi/TrT (49-7 MN/nr' 

was used for 4340 steel at -200°F (144K) to calculate Kj j/Kj | ratios in Figure 

6.27, to be discussed later. If K.. was based on the pop-in torque and the 

* c 3 /2 

initial crack length, it would have been 37-4 ksi/in (4l.l MN/m ). 


Some uncertainty exists in the determination of the exact value of critical 
plane strain sliding stress intensify factor, Kj| c as the thickness of the 
tube does not meet the plane strain criterion for the minimum thickness for 
tension-loaded^specimen and the applied shear stress is high with respect to 
the shear yield stress. It \s possible that the value of ^ is lower than 



versus 


45.2 ksi/TrT (49.7 MN/m^^) . This will change the shape of K|/K| c 

K../K,, curve in Figure 6-27 from a straight line to a slightly convex 

(elliptical shape) curve. However, as shown in Figure 6-24, K . cannot be 

^ 

much lower than 35-0 ksi/frT (33-5 MN/nv ) since it required an applied K. . 

r— 7 /h. ' * * 

of 35-0 ksi/iTT (38.5 MN/nr ) in the presence of an applied K of 10.5 ks i /TrT 
3 /2 

(11.5 MN/nr' ) to fracture the specimen. Also, the linear fracture criterion 
in Figure 6-24 indicates that K|. j is around 4$. 5 ksi/Tn" (50.0 MM/m^^) . 


The data of combined mode loading I -II of 4340 steel at -200°F (144K) are 
compared in Figure 6-27 on the basis of Kj/K| cr versus ^ll^^llcr w ' t * 1 the 
Mode 1-11 data at room temperature obtained by: (l) Wilson v for 7178-T651 

aluminum alloy from inclined center cracked specimens loaded in tension, (.2) 

(41 ) 

Pook for DTD 5050 aluminum alloy from inclined center cracked speiemens 

loaded in tension, ( 3 ) Liu^*^ for 7075~T7651 and 2024-T3 aluminum alloys 

(43) 

from cracked panels loaded in shear and; (4) unpublished data at Boeing 
for 7075”T651 aluminum alloy from inclined edge cracked specimens loaded in 
tension. From Figure 6-27, the fracture criterion under combined Mode 1-1 I 


I Ic 


for 4340 steel at -200°F ( 1 44 K) can also be well described by K./K. + K . /K 

I I c II 

l. The fracture criterion f(K., K..) is significantly different from that 
implied by data of the aluminum specimens of Wilson^ and Pook' ' or that 
defined by equations ( 6 - 5 ) or (6-8). Thus, for 4340 steel specimens under 
combined mode loading I — I t , presence of Mode II stress intensity factor has 
highly significant effect on Mode 1 stress intensity factor at which fracture 
occurs, i.e., K| at fracture can be significantly less than K| c in the presence 
of Kj | . Figure 6-27 suggests that the fracture criterion under combined Mode 
l-ll crack surface deformations may be dependent on material, thickness and 
test temperature comvination. It needs to be emphasized that for all data 
presented in Figure 6-27 and in References (39, 41-43), K| and | were calculatec 


based on initial crack length and orientation and fracture load even though the 

(41) 

tests conducted by Pook 


(42) (43) 

Liu and at Boeing did show that slow, 


stable, out of plane crack growth took place prior to fracture. The finite 
element solution^^ of the inclined thru-crack (Figures 6-12 and 6-13) shows 
that as the crack turns out of its plane, Kj increases significantly and K | ^ 
decreases significantly. This indicates that the fracture data and criterion 
under combined mode loading should be evaluated using the crack configuration 
at the fracture load. The fracture criterion of combined mode f(Kj, K ^ ^ ) , 
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obtained disregarding the. crack growth and rotation, could be s i gn i f i cant 1 y 
in error. 

6-5-3 Mode I - I I I Tests 

Test results and specimen details of round notched bar specimens (Figure 6-8) 
are summarized in Table 6-8 . These specimens were loaded to failure at room 
temperature in pure tension, in combined tension and torsion and in pure 
torsion to determine the fracture criterion under combined Mode I and III. 
Details about fatigue crack extension, depth and concentricity are given in 
Section 6-3 and Table 6-8. 

Stress intensity factors K ( and K ( ( in Table 6-8 were calculated according 

to equations (6-10) and (6-1 1 ) based on fracture load Pp, fracture torque Tp 

and the initial minimum diameter d at the cracked section of the bar. 

Results of Table 6-8 are plotted in Figure 6-28 as Kj at fracture versus Kj ^ 

at fracture. The probable fracture criterion under combined mode loading I 

and III is shown by the curve in Figure 6“28. The results in Figure 6-28 

indicate that the fracture criterion under Mode l-lll can be reasonably 

described by a quadratic equation in and K ^ ^ ^ such as given by equations 

( 6 - 5 ) or (6-8) when symbol | is replaced by K| ^ in these equations. The 

results in Figure 6-28 show that an applied tearing mode stress intensity 

factor (K|||) approx i ma tely equal to or less than 70 percent of Kj j ^ has 

little effect on the opening mode stress intensity factor , at which the 

specimen fails. Similar results for the combined Modes l-lll interaction have 

f iq) . !L]) 

been reported for 7075 “T 6 5 1 V ? DTD 5050 and HE 15W aluminum alloys and 

( A 1 } 

K9 tool steel . Similarly, applied Kj values approximately equal to or 
less than 70 percent of K ^ have little effect on the tearing mode stress 
intensity factor at which the specimen fails. 

As mentioned in Section 6 - 3 , these specimens were instrumented with clip gages 
to measure the axial and angular deflections across the crack plane as a 
function of applied tension and torsion, respec t i ve ly . Figure 6-29 shows the 
tensile load versus tensile axial displacement and torque versus angular dis- 
placement for specimens subjected to various K^/K^ ratios. Tensile load 
versus displacement curves do not exhibit any nonlinearity almost up to fracture 



for any K j /K j | | ratio- However, torque versus angular displacement plots 
exhibit significant nonlinear behavior for specimens with K j /K j j j ratios 

smaller than 1.16, indicating plastic flow took place. Net shear stress 

(t = l6T p /7Td 3 ) at failure for all specimens subjected to either torque T p 
greater than 3500 in-lb (395 joules) or K ^ /K j ( ( ratios less than 1.20 was 
greater than the shear yield strength while the net tensile stress at failure 
for all specimens was less than 68 percent of tensile yield stress. For 
example, the specimen (3 RNB-10) tested under pure tension fractured at a net 
stress (a = in the cracked section of 68 percent of tensile yield 

stress while the specimen (3 RNB~5i tested under pure torque failed at a net 

maximum shear stress (t = 1 6l p/ird ^ ) of 169 percent of shear yield stress. This 

as v^e 1 1 as torque-angular displacement records show that extensive plastic 
flow took place prior to fracture under pure torsion. 

Figure 6-30 shows the fracture surfaces of the specimens subjected to various 
loading conditions of The specimen subjected to pure tension (3 RNB- 

10) had a flat fracture. Specimens with Kj/K^j ratios of 2.30 and 1.16 
(3 RNB-1 1 and 3 RNB-12) did not have a flat fracture. However, the fracture 
surfaces had the same texture as that of the pure tension fracture. This, 
and the Mode I’ll I fracture interaction results in Figure 6-28, indicate that 
Mode I (Kj) played the predominant role in the fracture of these specimens. 

The texture of the fracture surface of the specimen subjected to a K^/K^ ratio 
of 0,63 (3 RNB-9) was similar to that of the fracture under pure torque 
indicating Mode III (K|||) played the dominant role in the fracture. The frac- 
ture surface of the specimen subjected to pure torsion was flat with shear 
rubbing marks. 

6 . 5 .^ Mode l-ll-lll Tests with Flat Specimens 

Test results and specimen details of flat slanted surface flawed specimens 
(Figure 6-9) are summarized in Table 6-9. These specimens were loaded to fail- 
ure in tension at -200°F ()A4 k) in gaseous nitrogen environment to investigate 
fracture criterion under combined Mode I, II and III. The stress intensity 
factors Kj and K| j | in Table 6-9 were calculated at the maximum depth (point 
A in Figure 6~3 0 according to equations (6-12) and (6-14). K ( ( at point A is 
zero. The stress intensity factors K| and K ^ j in Table 6-9 were calculated 
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at the free surface (point B in Figure 6~3l) according to equations (6-16) 
and (6-17). at point B is zero as given by equation (6—1 8) - 

Figure 6— 32 shows fracture surfaces for the specimens with <p = 0, 25, 4 5 and 

60 degrees (.0, 0,44, 0 . 79 » 1.05 rad). The fracture surfaces were completely 
flat for Mode I specimens. Fracture surfaces, for specimens with cracks 
inclined at <|> = 25 and 45 degrees (0.4*4 and 0.79 rad) had a stepped appearance 
near and around the flaw periphery. Fracture surfaces were flat and per- 
pendicular to the applied loading from the end of the crack at the free sur- 
face to specimens edge, as shown in Figure 6-32. For specimens with cracks 
inclined at <t> = 0, 25 and 45 degrees ( 0 , 0.44, 0.79 rad), fracture appeared to 
initiate around the point at the maximum crack depth where Kj| is nearly 
zero and K f and K f are the highest. For the specimens with cracks inclined 
at <(> = 60 degrees ( 1 . 05 rad), the fracture initiated near the point on the 
crack periphery at the free surface and transverse fracture, perpendicular 
to applied loading, occurred. The fracture path did not intersect the flaw 
front other than at the front surface. The combined mode data are evaluated 

in terms of K | _K ||| at the point of maximum crack depth, A and K ( -K j | at the 

point near surface, B in Figure 6 — 3 1 ■ Figure 6-31 also contains data of 
Specimens 3TSF-1 and 3TSF-2 of Table 6~5- Figure 6- 3 1 suggests that 
applying Kj | | approximately up to 70 percent of ^ as little effect on 

K| at which fracture occurs. 

6.5.5 Mode l-lr-ll! Tests with Round Specimens 

Test results and specimen details of ten round specimens containing surface 
cracks (Figure 6-10). are summarized in Table 6-10. These specimens were loaded 
to failure at room temperature in pure tension, in combined tension and torsion 
and in pure torsion to study the fracture criterion under combined Mode I, (I 
and III. For the cracked specimen under torsional loading only, both Kj | and 
K|^| are present along the periphery of flaw, (as shown by the results of three- 
dimensional frozen stress photoelastic experiments in Section 8) except K ( ( is 
negligible at the maximum crack depth and K r|| is negligible near the free sur- 
face. Stress intensity factors are not shown in Table 6-10 since good estimates 
for stress intensity factors are not available for this specimen type. 
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Figure 6-33 shows a plot of COD (in the axial direction) versus tensile load 
and angular displacement across the crack plane versus torque for various 
ratios of applied tension stress to shear stress, c/t . As seen from Figure 
6-33, crack opening displacement and angular displacement are linear with 
respect to tensile load and torque, up to failure for the specimens subjected 
to ct/t ratios greater than 0.27. Specimen 3 RSFB -8 was subjected to the 
simultaneous loading with a o/x ratio of 0.27. Crack opening displacement 
versus tensile load behavior is linear until fracture occurred. However, 
angular displacement versus torque is nonlinear. The gross maximum shear 

9 

stress at the outer fibers for this specimen was 100 ks i (690 MN/m ) which 
is over 70 percent of shear yield stress. The two displacement plots for 
3 RSFB -8 would indicate that shear yielding and warping occurred and probably 
flaw growth did not take place. Specimen 3 RSFB-ll was subjected to pure 
torsion. As seen from Figure 6-33, a pop-in occurred at an applied torque of 
around 7200 in-lb (813 joules). A second pop-in occurred at 8400 in-lb (950 joules). 
The specimen failed at an applied torque of 10,100 in-lb (1152 joules). The 
gross maximum shear stress at outer fibers at failure was 149 ksi (1027 MN/m 2 ) 
which is over 110 percent of shear yield stress. 

Flaw dimensions in all specimens were comparable except for two specimens 
which had significantly large flaws. The range of flaw depths and lengths for 
the other eight specimens were 0.192 to 0.280 in. ( 4.88 to 7.11 mm) and 
0.530 to 0.645 in. (13-46 to 16.38 mm), respectively. In the absence of a 
good estimate for the stress intensity factor for this problem, the results 
of these eight specimens are shown in Figure 6.34 in terms of the tensile 
stress at failure, Op, and the shear stress at failure, Xp . The actual failure 
stresses Op = 4 Pp/ 7 rD‘ i , and Xp = 1 6T p/ tt 0 3 for the specimens with flaw depth 
a ( 0.192 in <_ a £ 0.280 in (4.88 mm -S, a S 7-11 mm)) were converted to failure 
stresses Op and Tp for the flaw depth of 0.240 in ( 6.10 mm) by multiplying 
Op and ip by the factor /oV240/ a where a is measured in in. or (/ 6 . 1 0 /a where 
a is measured in mm). Failure stresses a p and Tp are plotted in Figure 6-3*4. 

Once again, the results show that the tensile stress at failure is almost 
unaffected by the presence of a shear stress up to 100 ksi (690 MN/m ) which 
is approximately 70 percent of shear stress at failure under pure shear. 

Figure 6-35 shows a photograph of the fracture surfaces for these surface 

cracked cylindrical specimens for various ratios of a r /x r . The specimen 

F F 
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subjected to pure tension had a completely flat fracture. Host of the middle 
portion of the fracture surfaces of the spcimens subjected to Op/Tp = 1.12 and 
0.61 had textures similar to that of the pure tension specimens. Shear 
rubbing marks were observed on the periphery. The fractures appeared to be 
controlled by Mode I and to start at the maximum depth. The middle left 
portion of the fracture surface of the specimen subjected to a^/ip = 0.27 
had a texture similar to that of the pure tension specimen and the other 
portion of the fracture resembled to that of the pure torsion specimen. The 
specimen subjected to pure torsion had a nearly flat fracture with shear 
rubbing marks over the fracture surface. From examination of the fracture 
surfaces, it appears that fracture in all these specimens initiated near the 
maximum crack depth. Thus, it seems that for this spec i men- load i ng configura 
tion, the fracture originated under combined Mode l-lll loading conditions. 
Since the constraint to crack tip deformation is higher at the maximum crack 
depth than at the surface of the specimen, and since K| and K| j j are the 
highest at the maximum crack depth than at any point on the crack periphery 
of the specimen (as shown in Section 8), it is not surprising that the frac- 
ture did originate near the maximum crack depth. 

6.5.6 Fracture Criterion Under Mode l-lll 


A composite plot for the combined Mode l-lll fracture test results is presented 

in Fiqure 6-36 as K./K, versus K.../K... for round notched bar specimens, 

3 llcr llllllcr 

flat surface flawed specimens with inclined cracks and cylindrical surface 
flawed specimens of 4340 steel. ^]|| cr a{; "200°F (144K) was not determined 
experimentally. Hence, the following linear relation was assumed for estimat- 
ing K. . . at -200° F (l44K) . 
a I I Icr 


K 


I I Icr 


K 


Icr 


K l I Icr 

K, 

-200 F Icr 

(1 44k) 


R.T. 


( 6 - 21 ) 


Since all the surface- flawed cylindrical specimens had nearly the same flaw 

sizes, and the failure stresses a and are adjusted for a single flaw size, 

the ratios of K./K. and K.../K... can be calculated with little error by 
llcr llllllcr 

the following equations. 


1 


55 



Icr Op for the specimen subjected to pure tensi< 


( 6 - 22 ) 


K m /K i 


Icr Tp for the specimen subjected to pure torsii 


(6-23) 

Figure 6-36 shows that the non-d i'mens i'ona I f zed data, obtained from the room 
temperature testing of round notched bar specimens and surface flawed cyl- 
indrical specimens, and from -200°F 044K) testing of inclined surface flawed 
flat specimens, are in general agreement. The results in the plot bear out 
the same conclusions as drawn previously for the interaction of K| and K ^ ^ ( 
on failure in Section 6-5-3 to 6 . 5 - 5 • Figure 6-36 shows the probable frac- 
ture criterion and the lower bound of the fracture criterion for the com- 
bined Mode I -I I I loadings for 4340 steel. The probable fracture criterion 
and the lower bound of the fracture criterion are represented by the equations 
(6-24) and (6-25) , respect i vel y . 


(K I /K lcr> +(K lll /K Mlcr ) =1 


(6-24) 


^ K | /K lcr* + ^ K | I l /K l! Icr^ - 


(6-25) 


6.6 CONCLUSIONS 


Cracks subjected to combined Mode l-ll crack surface deformations propagate in 
a plane that is rotated with respect to the original crack plane and the 
direction of crack propagation can be well predicted. The empirical relation- 
ship K| + K|j ~K| C or K | / K | c + K| | /K | | c = 1 represents the fracture criterion 
adequately for 4340 steel specimens at -200°F (144 k). 

For cracks subjected to combined Mode l-ll I and l-ll-lii crack surface deforma- 
tions, it was found that the application of K ( ( ( up to about 70 percent of K |((c 
has little effect on K ( at which fracture occurs. Similarly, the application 
of Kj up to about 76 percent of K| c has little effect on K| | ^ at which fracture 
occurs. The lower bound of the fracture criterion F(K|,K )(| ) for 4340 steel 

can be adequately described by the quadratic equation (K./K. ) 2 + (K,.,/K 11 , ) 2 

I Icr III I I Icr 
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7.0 FRACTURE IN COMBINED MODES IN 2219-T87 ALUMINUM 
AND 6A1-4V BSTA TITANIUM 


This section describes the results of tests conducted on surface flawed 
cylindrical specimens of 22 1 9-T^7 aluminum and 6A1-4V BSTA titanium under 
ambient room environment to study the effects of combined tension and shear 
stresses on fracture and cyclic flaw growth characteristics. General back- 
ground on combined mode loading and objective of tests are described in Sec- 
tion 6.1. Test machine, setup and instrumentation used for these tests are 
identical to those described in Section 6.4, In Section 7*1 , the test pro- 
gram and procedures are described. Section 7.2 contains description and 
analysis of static tests. Secti'on 7 ■ 3 describes and interprets the results 
of cycl i c tests . 

7.1 TEST PROGRAM AND PROCEDURES 

7.1.1 Test Program for Static Specimens 

Twenty-eight surface flawed cylindrical specimens of 2219“T87 aluminum, as 
shown in Figure 7“1, were loaded to fatlure In an ambient room air environ- 
ment under combined tension and torsion loadings according to the test pro- 
gram outlined in Table 7“ 1 * Twelve of these specimens had flaw dimensions a 
and 2c (as shown in Figure 7~l) of approximately 0.44 in. ( 1 1 * 2 mm) and 1.15 
in. (29.2 mm), respectively. The ratios a/2c and a/d for these specimens were 
approximately 0.4 and 0.3, respectively. These specimens were tested as shown 
in Figure 7~2. Three specimens were axially loaded to failure, one specimen 
was torqued to failure, four specimens were axially loaded to one of two dif- 
ferent tensile stress levels and then were torqued to failure while maintain- 
ing the applied tensile load, and four specimens were loaded to one of two dif- 
ferent shear stress levels and then were pulled to failure in tension while 
maintaining the applied torque. Test conditions and flaw dimensions for the 
other sixteen aluminum specimens are summarized in Table 7~1« Ratios a/2c 
and a/d for twelve specimens were approximately 0.3, and 0.2 and for the remain- 
ing four specimens were approximately 0.35 and 0.2, respectively. 

Twenty-eight surface flawed cylindrical specimens of 6A1-4V BSTA titanium, as 
shown in Figure 7~3> were tested in an ambient environment under combined 
tension and torsion loading, according to the test program outlined in Table 7“1- 
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Flaw dimensions a and 2c for fourteen specimens were approximately 0.28 in. 
(7*1 mm) and 0.68 in- ( 1 7 - 3 mm), respectively. Ratios a/2c and a/d for these 
specimens were approximately 0.4 and 0.3, respectively. Flaw dimensions a 
and 2c for the remaining fourteen specimens were 0.19 in* (4.8 mm) and 0 . 6 1 
in. (15*5 mm), respectively. Ratios a/2c and a/d for these specimens were 
approximately 0.3 and 0.2, respectively. Loading combinations are described 
in Table 7-1 . 

7-1-2 Test Program for Cyclic Specimens 

Eighteen surface flawed cylindrical specimens of 2219-T87 aluminum, as shown 
in Figure 7“1 , were cycled to failure fn an ambient environment under combined 
tension and torsion loadings. Out of these eighteen specimens, nine specimens 
had flaw dimensions a and 2c of approximately 0.29 in. (7-4 mm) and 0.95 in. 
(24.1 mm), respectively. Ratios a/2c and a/d for these soecimens were nearly 
0-3 and 0.2, respectively. The remaining nine specimens had flaw dimensions 
a and 2c of approximately 0.42 in. (.10-7 mm) and 1.11 in. ( 28.2 mm), respect- 
ively. Ratios a/2c and a/d for these specimens were approxima tely 0.4 and 
0.3, respectively. The test program for these specimens is shown in Table 7*2. 

Eighteen flawed cylindrical specimens of 6A1-4V 6STA titanium, as shown in 
Figure 7^4, were cycled to failure in an ambient room environment under com- 
bined tension and torsion loadings. The test program for these specimens is 
summarized in Table 7“2. As shown in Table 7-2, nine specimens had flaw dim- 
ensions a and 2c of 0.19 in. (4.8 mm) and 0-50 in. (12.7 mm), respectively. 
For these specimens ratios a/2c and a/d were approximately 0.4 and 0.2, 
respectively. The remaining nine specimens had flaw dimensions a and 2c of 
0.28 in. (7-1 mm) and 0-70 in. (17*8 mm), respectively. These specimens had 
flaws with ratios a/ 2c and a/d as 0.4 and 0*3, respectively. 

7.1.3 P rocedures 

All aluminum specimens were machined from a 2.5 in. (63-5 mm) thick plate such 
that the crack propagation direction was always TS. All titanium specimens 
were machined from a 1.0 in, (.25*4 mm) thick plate such that the crack pro- 
pagation direction was LS * All static fracture as well as cyclic specimens 
of aluminum and titanium were instrumented with clip gages to continuously 
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measure both axial and angular displacement across the flawed cross section 
with respect to applied tension and torsion, respectively. Instrumentation 
and test setup are described in Section 6.**. 

Cyclic stress ratio (minimum eye 1 ic stress to maximum cyclic stress) was 0.05 
for tension fatigue cycles and 0.0 for shear fatigue cycles. All aluminum 
and titanium specimens were cycled until either fracture occurred or fracture 
was imminent. Mormally, a cyclic test could be terminated within a few cycles 
of specimen failure by observing COD output for tension loaded specimens and 
angular displacement output for the torsion loaded specimens. The tests were 
terminated just prior to failure so that flaw peripheries could be marked and 
seen after pulling them to failure in tension. Cyclic specimens subjected to 
tensile and shear stresses were cycled under simultaneously and synchronously 
applied axial and torsional loadings. Cyclic frequency was 20 cpm (0.33 Hz) 
for al 1 specimens . 

7.2 TEST RESULTS AND DISCUSSION 
7.2.1 Static Fracture Tests of Aluminum 

Specimen details and results of static fracture tests of twenty-eight 2219- 
T 87 aluminum cylindrical specimens (Figure 7 - l) are summarized in Tables 7~3 
through 7-5* These specimens were loaded to failure at room temperature in 
combined tension and torsion loadings. Tension and torsion loadings were 
applied separately and the order of loading is shown in these tables. Shear 
stress t, given in these tables and subsequent tables, was calculated from the 
applied torque T as t = 1 6 T/ (ud 3 ) . Shear stress t, thus, is the maximum gross 
shear stress at the outer fibers of the cylindrical specimen. 

Figure 7-5 contains typical plots of crack opening displacement (in the axial 
direction) versus tensile load and angular displacement across the crack plane 
versus torque for four specimens subjected to different ratios of tension 
stress at failure to shear stress at failure Op/x p . Specimen 1A1-12 was sub- 
jected to a tensile load of 1*1.1 kips (0-184 MN) . COD versus load behavior 
was linear. The specimen was then subjected to torsion while maintaining the 
tensile load. As the torque was applied COD remained constant initially and 
then started to increase as shown in Figure 7 - 5- Specimen 1A1~3 was subjected 
to a torque of 20,300 in-lb (2300 joules). While maintaining this torque 
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constant, the specimen was subjected to tensile load. The angular displace- 
ment remained constant initially and then started to increase with increasing 
load. Nonlinear behavior of the displacement for these two specimens can be 
due to any or all of the following factors: (l) plastic yielding around the 

flaw periphery, ( 2 ) warping of the flawed cross section, and ( 3 ) flaw growth. 

The possibility of flaw growth could not be ruled out since none of these spec- 
imens were unloaded and subjected to low stress fatigue cycles to mark the 
flaw peripheries. Specimen 1 A 1 -10 was failed in pure torsion. The gross shear 
stress at the outer fibers of the specimen was 36.1 ksi which is about 10 per- 
cent higher than the shear yield strength of the material. 

Table 7" 3 contains test data for twelve specimens containing surface flaws of 
depth a ^ 0 .44 in. (l 1 . 2 mm) and 2 c ~ 1.15 in. ( 29.2 mm) . Since exp ress i ons 
for stress intensity factors are not available for the spec imen-f law- 1 oad i ng 
configurations and since flaw dimensions do not vary more than 5 percent 
between specimens, the results are plotted in terms of gross tensile stress at 
failure Cp versus shear stress at failure, in Figure 7 - 6 . Figures 7-7 and 
7-8 show similar plots for flaw dimensions of a ~ 0.30 in. ( 7.6 mm), and 
2 c % 0. 98 in. (24.9 mm), a as 0 . 26 in. ( 6.6 mm) and 2c X 0.75 in. ( 19-0 mm) , 
respectively. Failure stress in pure shear (o^ = 0 ) in Figure 7“7 was 
estimated as 40.4 ksi (279 MN/m ) from the failure stresses Tp in pure shear 
of aluminum specimen 1AI-10 and titanium specimens 4TR-12 and 4TR-27- Titanium 
specimen 4TR-12 has the same flaw shape and geometry (a/2c and a/r) as the spec- 
imens in Figure 7“7 • Titanium specimen 4TR-27 has the same flaw shape and 
geometry as the aluminum specimen 1A1-10. From these plots of Figures 7-6, 7-7 
and 7 - 8 , two observations can be made. ( 1 ) Presence of shear stress up to 30 
ksi has small effect on tensile stress at which fracture occurs. (2) For the 
same flaw size and applied shear stress of approximately 30 ksi, if torque was 
applied prior to applying tension load, the specimen required higher tensile 
load to fail than when tensile load was applied prior to torsion. 

The later observation may be explained as follows. When high shear stress 
is applied first, crack surfaces may overlap due to twisting and the crack 
may blunt due to yielding. Subsequently, when tensile load is applied, the 
crack would not open up as much as when tensile load is applied first. As a 
result, the specimen would require higher tensile load to fail when it is 
first subjected to high shear stress. 
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Figure 7~9 shows the fracture surfaces for the specimens subjected to various 
ratios of 0^/1^. Observations made of fracture surfaces of steel specimens 
in Section 6.5*5 (Figure 6-355. also apply to fracture surfaces of aluminum 
specimens. Careful examination of fracture surfaces of the specimens indicated 
that the fracture originated at the area near the point of maximum crack depth 
for most specimens. Fracture origin for some specimens, where torsion was 
applied prior to tensile load, could not be traced definitely. As mentioned 
before in Section 6.5.5 and as shown in Section 8, stress intensity factor 
Kj and are maximum at the maximum crack depth and is negligible there for 

the specimen subjected to combined tension and torsion. Also the constraint 
to the crack tip deformation is maximum there. It seems that for this specimen- 
loading conf iguration , the fracture originated mafnly under combined Mode l-lll 
conditions even though other points on the flaw periphery were subjected to 
all three modes of crack surface displacements. As described in Section 6.5.6, 

the ratios K./K. and K ll( /K ltl can be calculated by equations (6-22) and 
llcr Mllflcr 

(6-23) with little error from the failure stresses Op and Tp of the combined 

tension and torsion specimens and the failure stresses c and i for the 

c c 

identical flawed specimens subjected to pure tension or torsion, respectively. 

As seen from Figure 7-6, and for the specimens with flaw dimensions 
a ~ 0.44 in. (11.2 mm) and 2c ~ 1.15 in. (.19.2 mm) are 27-0 ks i (186 MN/m 2 ) 

and 36.1 ks i (249 MN/m ), respectively. As seen from Figure 7“7, 

and for the specimens with flaw dimensions a ~0.30 in. (7.6 mm) and 

2c ^0.98 in. (24.9 mm) are 34.2 ks i (236 MN/m 2 ) and 40.4 ksi (279 MN/m 2 ), 

respectively. Data of Figures 7"6 and 7"7 are plotted in Figure 7"10 as 

K./K, or a r /o versus K.../K,.. or t_/t . Figure 7 - 10 also contains the 
llcr Fc 111 Filer Fc y 

probable fracture criterion (equation (6-24)) and the lower bound of the fracture 
criterion (equation (6-25)) from Figure 6-36 For 4340 steel specimens subjected 
to combined Mode l-lll loadings. When data points with high shear stresses 
applied first to the specimens are weighed less or neglected, results in Fig- 
ure 7“!0 show that the fracture results of 221 9-T8 7 aluminum specimens are 
fairly well described by the failure criterion of 4340 steel under combined 
Mode l-lll given by equation (6-24). The results in Figure 7~10 bear out the 
same conclusions as drawn previously in Section 6-5-3 to 6-5-6. 

7.2.2 Static Fracture Tests of Titanium 

Static fracture toughness K ( p for 1.0 in. (25-4 mm) thick 6A1-4V gSTA titanium 
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was determined with surface flawed specimens. As shown in Table 7 - 6 , fracture 
toughness K. at room temperature under an ambient environment was 69-2 ksi/TrT 
(76.1 MN/nr 7 ) in the crack propagation direction LS . Mechanical properties 
of the material are given in Section 3.1. 

Specimen details and results of static fracture tests of 6A1-4V 6 STA titanium 
cylindrical specimens are summarized in Table 7-7 and 7 - 8 . These surface 
flawed cylindrical specimens were loaded to failure at room temperature in com- 
bined tension and torsion loading. Figure 7“ 1 1 contains typical plots of crack 
opening displacement versus tensile load and angular displacement versus torque 
for six specimens subjected to different ratios of axial tensile stress at 
failure to shear stress at failure. Observations made in the previous section 
for load-displacement plots of aluminum (.Figure 7 - 5 ) apply for plots in Figure 
7-11 also. 

Table 7“7 contains test data for twelve specimens containing surface flaws of 
depth a ss 0.19 in. (4.8 mm) and 2c 0.61 in. (15-5 mm) . Results of Table 7-7 
are plotted In terms of gross tensile stress at failure, o^, versus gross max- 
imum shear stress at failure, t^., in Figure 7 “ 1 2 . Figure 7 “ 1 3 shows a similar 
plot for the results of Table 7"8 for flaw dimensions of a =d0.28 in. ( 7 . 1 mm) 
and 2c ~ 0.68 In. (17*3 mm). Observations similar to those made for aluminum 
specimens from Figure 7“6 and 7“7 in the previous section, can be made from 
Figures 7“12 and 7 — 1 3 - The data in Figures 7 ” 1 2 and 7 — 1 3 show that tensile 
stresses at failure were affected little by the presence of shear stress up to 
70 ksi (about 70 percent of shear stress at failure in pure torsion). Also data 
in Figures 7“12 and 7 — 1 3 show that for constant values of flaw size and applied 
torque, if torque is applied prior to applying tensile load, slightly higher 
tensile failure loads are obtained than when the tensile load is applied prior 
to tension. 

Results of Figure 7“ 1 2 and 7“ 1 3 are shown in terms of K./K, or o,_/a versus 

I Icr F c 

^lll^lllcr or t f^ t c* s ^ own ' n F '9 Ljre 7-12, and t c for specimens of 

Table 7~7 (a « 0 . 1 9 in. (4.8 mm)) are 100.0 ksi (689 MN/m 2 ) and 106.2 ksi 
(732 MN/m 2 ), respectively. From Figure 7 — 1 3 » o c and for specimens of Table 
7-8 (a ^ 0.28 in. (7-1 mm)) are 78.0 ksi (538 MN/m 2 ) and 95.4 ksi (658 MN/m 2 ), 
respectively. The probable fracture criterion and the lower bound of the 
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fracture criterion under combined Mode l-lll of 43^0 steel is also shown in 
Figure 7“1^* The failure criterion of ^3^0 steel describes the combined mode 
fracture results of titanium quite well. 

For pure torsion specimens of aluminum and tftanium the gross shear stress at 
the surface of the specimen (where ?t is maximum) was higher than the calculated 
shear yield strength of the matertal. This could have an effect on the fracture 
criterion. If Mode I experimental results of surface flaws in the presence of 
plastic yielding^’ 20 ) is used for the interpretation of the above results of 
pure torsion, it would indicate that the shear stress at failure under elastic 
conditions would be slightly higher. Thus, ratios K|||/^| would be slightly 

smaller than those shown in Figures 7”10 and 7~I4 and would have a small effect 
on the failure criterion. 

Figure 7-15 shows fracture surfaces for six titanium specimens subjected to 
different ratios of Gp/Tp. The specimens subjected to pure tension (4 TR-20) 
and pure torsion (4 TR-27) had flat fractures. Specimens subjected to tension 
and torsion both had antisymmetric fracture surfaces, as shown in Figure 7“15- 
Fracture surfaces of specimens subjected to Op/Xp — 2.28 and 1.10 had textures 
similar to that of the pure tension specimen. Fracture surfaces of the spec- 
imens subjected to Op/Xp — 0-58 and 0.30 had shear rubbing marks over the 
entire surface similar to pure torsion specimen. 

From the results of aluminum (Figure 7“10), titanium (Figure 7 - l4), and steel 
(Figure 6 - 36 ) and combined Modes I and III results of 7075“T651 aluminum of 
Reference 39 (results not shown here), it can be concluded that the lower bound 
of the fracture criterion under combined Modes I and Ml loading can be well 
described by the quadratic equation in K|/K| and K|||A||| cr given by the 
equation (6-25). This suggests that the failure criterion given by equation 
(6-25) is very likely applicable to other materials where flaws are subjected 
to Modes I and III crack surface displacements. The results also show that 
an applied tearing mode stress intensity factor K ( ( ( approxi matel y equal to 
or less than 70 percent of K ( ( ( has little (less than 20 percent of K |cr ) 
effect on the opening mode stress intensity factor K| at which fracture occurs. 
Similarly, the application of K ( up to about 70 percent of K )cr has little 
(less than 20 percent of K |||cr ) effect on the K |(| at which fracture occurs. 
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7-2-3 Cyc 1 i c Tests 


Specimen details and results of cyclic tests conducted on surface flawed 
cylindrical specimens of 2219-187 aluminum (Figure 7~0 and &A1-4V BSTA 
titanium (Figure l~k) are summarized in Tables 7“9 and 7~10, respect i ve ly . 
Approximate flaw sizes and ratios of applied tensile stress to shear stress 
o/t are shown in Table 7“2. Some of the aluminum and titanium specimens 
were fatigued under pure tensile stresses. Maximum cyclic tensile stresses 
were approximately 90, 80 and 70 percent of the static failure stresses of 
the corresponding flaw size and material. Some of the aluminum and titanium 
specimens were fatigued under synchronously applied tensile and shear stresses. 
The ratios of applied tensile stress to shear stress, o/t, were generally 
either 2 or 1. Maximum cyclic tensile and shear stresses were approximately 
90, 80 and 70 percent of the static fracture tensile and shear stresses of 
the corresponding o/t ratio, flaw size and material. As seen in Figures 
7^6, 7~7» 7“12 and 7 * 13 , the static tensile stresses at fracture for these two 
ratios of o/t were at least greater than 80 percent of the static tensile 
fracture stresses under pure tension for the cor respond i ng flaw sizes. Maxi- 
mum cyclic shear stresses for the aluminum and titanium specimens cycled under 
pure torsion were between 60 to 75 percent of the static fracture shear stresses 
for the corresponding flaw size and material. 

For the cyclic tests under combined tensile and shear stresses at a given o/t 

ratio, each of the maximum cyclic tensile and shear stresses was set at a 

percentage X of the corresponding static tensile and shear failure stresses 

( 2 - 8 ) 

given by Figures 7“6, 7"7> 7*12 or 7 “ 1 3 • Previous experimental data^ ~ has 

shown that cyclic lives for precracked specimens are often primarily a function 

of the ratio of initial stress intensify factor to critical stress intensity 

factor, . This ratio is equivalent to the ratio of the maximum cyclic 

stress to the static fracture stress of the specimen with the same flaw size. 

Thus, K /K, is the same as X defined before. Hence, an analysis was under- 

taken to compare the cyclic lives for combined tension and shear tests with 

those obtained for pure tension tests of surface flawed specimens in which 

the ratio of initial to critical stress Intensity factors K../K. via? equal 
(8) I 1 Icr 

to X ' . Data of Tables 7“9 and 7” 10 are shown in F igures 7~1& and 7~17» 
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respectively, as X versus number of cycles to failure. Limited results of 
Figures 7“ 1 6 and 7“ 1 7 show that cyclic lives for combined tension and shear 
tests can be well predicted from the cyclic lives of the surface flawed 
specimens subjected to pure tension. However, this requires a knowledge of 
factor X which requires a knowledge of static fracture criterion under com- 
bined tensile and shear stresses. 

Results in Figures 7~l6 and 7-17 show that for the same value of X, cyclic 
lives for the specimens fatigued under pure tension stresses were significantly 
less than the cyclic lives for the specimens fatigued under pure shear stresses 
X, here, is K ( ./K |cr or K rj j /K, r (cr depending upon tension or torsion loading. 
Results thus indicate that in these tests, at any given value of X, fatigue 

ciack propagation rates for tension stresses were higher than those for shear 
stresses . 

The fracture criterion under combined tension and shear in Figure 7-12 was 
obtained for a flaw size of asiO .19 in. (4 .8 mm) and 2c * 0.6l in. ( 15.5 mm) . 
However, eight cyclic specimens of titanium with small flaws had flaw dimension; 
a ^ 0.194 in. (, 4.9 mm) and 2c *0.50 in. (12.7 mm). One static specimen, 4TR-1 , 
loaded to failure in pure tension, had a similar sized flaw as those in cyclic 
specimens. The static failure stress in pure tension of 4TR-1 was compared with 
the static failure stress in pure tension of other specimens with a * 0.19 in. 
( 4.8 mm) and 2c ~0.6l in. (15-5 mm). This showed that it would require 14 
percent higher tens i 1 e st ress to fail the specimen with a * 0.194 in. (4.9mm) 
and 2c *0.50 in. (12.7 mm) than the stress required to fail the specimen with 
a *0.19 in. ( 4.8 mm) and 2c *0.61 in. (15-5 mm). It was assumed that the 
fracture criterion under combined tension and shear for flaws of a * 0.19 in. 
( 4.8 mm) and 2 c * 0.50 in. (12.7 mm) can be obtained from that of Figure 7~12 
by multiplying tensile stress at failure and shear stress of failure by the 
factor 1.14. Static fracture stress computed this way was used to calculate 
factor X for flaws of a * 0.19 in. ( 4.8 mm) and 2c *0.50 in. (12.7 mm) in 
Figure 7 “ 1 7 - 

Figure 7" 18 shows the fracture surfaces of five specimens of aluminum fatigued 
under three different ratios of o/t . Specimen 5A1-12 was fatigued under pure 
tensile stresses (o/t = -) . Specimens 5AT - 1 5 and 5A1 - 1 8 were fatigued under 
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synchronously applied tensile and shear stress with ratio ct/t = 1.0. Spec- 
imens 5A 1 - 1 6 and 5A1-I7 were fatigued under pure shear stresses (o/t = 0). 

Cyclic tests on 5A1-I2, 5A1-16 and 5A1-18 were terminated a couple of cycles 
prior to failure and then the specimens were marked. Specimens cycled under 
pure tension had flaw growth in the plane of flaw and had a flat fracture. 

Out of plane flaw growth occurred in specimens subjected to combined tension 
and torsion loading. For unknown reasons, specimen 5A1-18 fatigued under 
o/t = 1.0 had a one sided out of plane flaw growth. Specimen 5A 1 — 1 6 , fatigued 
under pure shear stresses (o/t = 0) had flaw growth largely in the plane of 
flaw. Flaw growth in Specimen 5A1-17, fatigued under pure shear (o/t = 0) , 
was also largely in the flaw plane. However, during the last cycle when frac- 
ture occurred, the flaw grew out of its plane. The angle between the fracture 
surface and the flaw plane was approximately 60 degrees (1.05 rad). 

Figure 7” 19 shows the fracture surfaces of four specimens of titanium fatigued 

under four different ratios of o/t. As seen from the photograph in Figure 7-19, 
the flaw growth in specimens fatigued under pure tensile stresses (o/t = «) and 
combined tensile and shear stresses (o/t = 2 and o/t = I) was nearly in the 
plane of the flaw. In fact, flaw growth in all specimens except Specimens 
5TC-9 (o/t = 0) , 5TC-1 8 (o/t = 0) and 5TC - 1 5 (o/t = 1.0) was nearly in the 

plane of the crack. Specimens 5TC~9, 5TC-18 and 5TC-15 were the only specimens 

where fracture occur red wh i 1 e cycling (Table 7 “ 1 0 ) . In these three specimens 
also (as seen for Specimen 5TC - 1 8 from the photograph in Figure 7-19), the flaw 
growth was nearly in the plane of flaw intially. Thus, it seems that the flaw 
grew out of its plane largely during the last cycles prior to fracture. 

7.3 CONCLUSIONS 

On the basis of examinations of the fracture surfaces, it was concluded that 
fractures in surface flawed cylindrical specimens subjected to combined Mode 
l-ll-lll crack surface displacements originated at or near the point of maxi- 
mum crack depth where the constraint to crack tip deformation is maximum and 
only Mode l-lll conditions existed. 

Results obtained so far show that the failure criterion for 221 9 — T87 aluminum, 
6A1-4V SSTA titanium and high strength A3A0 steel under combined Mode I and III 
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crack surface displacements can be adequately described by the single empirical 

equation of K^/Kj^ and ^|j|^^||j cr 9> ven by equation (6-24) . The results show 

that an applied tearing mode stress intensity factor less than 70 percent 

of K im , has little (less than 20 percent of K, ) effect on the openinq mode 
lllcr r I cr 

stress intensity factor at which fracture occurs. Similarly, the applica- 
tion of K| up to about 70 percent of has little (less than 20 percent of 

K t , . ) effect on the K, . , at which fracture occurs, 

lllcr III 

The lower bound of the fracture criterion under combined Mode I and 111 load- 
ing for the above three materials and 707 5 ^T 65 1 aluminum is well described by 
the quadratic equation of K|/K| cr and ^||[/^||| cr 9* ven by equation ( 6 - 25 ). 
This suggests that the failure criterion given by equation (6-25) is very 
likely applicable to other materials where flaws are subjected to Mode I and 
III crack surface d i spl acements . 

Cyclic lives for surface flawed cylindrical specimens subjected to combined 
tension and torsion can be predicted from the cyclic lives of the surface 
flawed specimens subjected to pure tension and the static fracture criterion 
for the same specimen-f law-conf i gurat ion under combined tension and torsion. 
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8.0 EXPERIMENTAL DETERMINATION OF STRESS INTENSITY 
FACTORS USING PHOTOELASTIC TECHNIQUE 


Two and three-dimensional photoelastic analyses have been used to determine 

stress distributions near crack tips and stress intensity factors for cracks 

/ co- 62) 

in plates subjected to static and dynamic loading' 


Since analytical determination of stress intensTty factors for surface flawed 
cylindrical specimens subjected to tensile or torsional loading is extremely 
difficult, photoelastic experiments utilizing stress freezing and slicing 
techniques were conducted to determine maximum shear stresses (isochromatics) 
near the notch tip, These maximum shear stresses were then used to deter- 
mine stress intensity factors around the flaw periphery. 

Stress distributions near a notch tip and their relationships with stress 
intensity factors are described in Section 8.1 for different loading con- 
ditions- Section 8.1 thus gives needed analytical expressions to evaluate 
data of photoelastic experiments. Test program, specimen preparation and 
experimental procedures are described in Section 8.2. Section 8.3 contains 
the photoelastic data and i nterpre ta t i on of data. 


8.1 BACKGROUND FOR ANALYSIS 

8-1-1 Three-Dimensional Stress Distribution Near a Blunt Crack 

In order to evaluate stress intensity factors using frozen stress photoelast- 
iclty procedures, the effects of inherent crack blunting involved in machining 
the crack into the specimen as well as the additional crack blunting occurring 
during the stress freezing cycle must be considered. The blunting changes the 
stress distribution near the crack tip, Stress distribution near a blunt crack 
(notch) can be estimated from an available solution for the near field stress 
distribution for elliptic and hyperbolic notches in a plate for the three 
modes of local crack deformat i on . The expressions describing the stress 
distribution for elliptic and hyperbolic notches are identical. These stress 
field equations are quite similar to the corresponding equations for sharp 
plane cracks defined by equation (6-1) to ( 6 - 3 ) except the origin of blunt 
notch coordinate system is located at a distance p/2 from the end 
of the notch as indicated in Figure 8-1 (p Ts the radius of the curvature 
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at the tip of the notch). It is assumed that p << a; consequently terms of 
orders higher than p/a are neglected. 


Expressions describing the stress fields near blunt crack tips are given 

~ 1 /2 

below. Terms of the orders higher than (rj are not included in the fol- 

lowing expressions for stresses. The stress field expressions remain finite 
because of the restriction that r >_p/2. 
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Mode 111: 


(8-3a) 
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When the above stress field equations are compared with the corresponding 
equations of a sharp crack (equations (6-1), (6-2)* (6-3)), it is seen that 
the above equations have an additional term for Modes I and II given by the 
second term containing p/2r in each equation. For Mode III, the stress 
equations for blunt notches and sharp cracks are identical. It is emphasized 
that r is defined differently for the blunt notch and the sharp crack. 

(4q) (6M 

Kassir and Sih , and Shah and Kobayashi have shown that the three- 

dimensional stress distribution near the boundary of a sharp planar crack 
bounded by a smooth curve (such as an elliptical crack or a crack shown in 
Figure 8-2) is given by equations (6-l) to (6-3) for two-dimensions when a 
local coordinate system, as shown in Figure 8-2, is used. For three- 
dimensional crack problems, n,z,t,r and 0 are defined as shown in Figure 8-2. 
It would be safe to assume that the three-dimensional stresses near a blunt 
planar crack bounded by a smooth curve would be the same as those given by 
equations (8-1) to (8-3) when r, 0 and p are defined as shown in Figure 8~3- 

8.1.2 Stress Intensity Factors for a Blunt Crack from Isochromatics 


From the frozen stress technique of three-dimensional photoel ast i c i ty , a 
pattern of isochromatics (maximum shear stress in the plane of slice) can 
be obtained. The photoelastic slices are taken in an n-z plane for the notched 
specimens subjected to tension and the measured fringe orders (isochromatics) 
give the maximum shear stress ? nz > denoted by symbol T f 
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If the effect of the remote stress field (.stresses described by terms of 
orders r higher than r } is neglected, then, the stress intensity factor 
Kj is expressed by the following equation when isochromatics are measured 
at a point (r, 0) very near the crack tip (r << crack dimension). 


K i = 


nz 


max 


[sin 2 e + (oV)] 


(8-5) 


If a solid containing a blunt crack is subjected to a loading which introduces 
either Mode I I or both Mode II and I f I crack surface displacements (such as 
a surface flawed cylindrical bar subjected to pure torsion), the photoelastic 
slices are taken in an n-z plane* The maximum shear stress t given by the 
measured i sochromat i cs is defined by equation (8-4) . The stress intensity 
factor Kj j is expressed by the following equation when isochromatics are 
measured at a point very near the crack tip. 
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The Mode til stress intensity factor can be obtained from a slice taken in an 
n-t plane. If the solid containing a blunt or sharp crack is subjected to a 
loading which introduces only Mode ill crack surface d isplacement, is 

given by the following equation when the isochromatics are measured near the 
crack tip. 
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As seen from equation ( 8 - 3 ), for pure Mode 111 crack surface displacement, 

a and o.. are zero near the crack tip and hence the maximum shear stress t 
nn tt r nt 

is the same as r given by equation (8~3a) • If the solid containing a blunt 

crack is subjected to a loading which introduces both Mode II and 111 crack 

surface displacements, and c^ are not zero near the crack tip for Mode II 

(as seen from equations (8-2)), Maximum t ^ measured by isochromatics of the 

n t 

slice in the n-t plane is given by the following equation. 
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As observed from equations (.8-2) and (8-3). > stresses near the crack tip o ^ 

and cj involve only Mode I I stress intensity factor K, . and t _ involves 

tt 7 I I nt 

only Mode III stress intensity factor j j * Kj j can be determined from a 
slice in the n -2 plane with equation (8-6), Stress o in equation (8-2d) 
involves Poisson's ratio, v. Poisson's ratio for epoxy at freezing tem- 
perature is approximately 0,5. With equation (8 -2d), equation (8-8) can be 
wr f t ten as fol lows . 
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K ll( can then be obtained with the following equations (8-10) and (8-11). 
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In derivations of the above equations relating K| , and K ^ ^ to the measured 

maximum shear stresses, nonsingular terms in stress equations (8-1) to (8-3) 

are not included. However, the remote stress field containing nonsingular 

constant terms does have an influence on the fringe pattern (maximum shear 

stress t ) of Mode I loading cond i t ions ^ . As it happens, the 

remote stress field does not influence the fringe patterns giving maximum shear 

stresses r and t‘ for Mode II and Mode 111 load ings * An 

nz nt 

estimate of the influence of the remote stresses on the determination of Kj car 
be made as follows. 

Irwin^^, in a discussion of the photoelastic analysis of a running crack^^, 
developed a technique for the calculation of K| from isochromatic patterns of 
a sharp crack (p - 0) * This technique involved superposing the remote stress 
parameter -o to the stress equation of o ^ given by equation (8-1). repre- 

sented the applied stress a parallel to the crack at the boundary, a is 
equal to a for an infinite plate with a through crack subjected to uniaxial 
tension o. The maximum shear stress is related to the stress intensity factor 
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K| and o q by the following equation for a sharp crack (p = 0) . 
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( 8 - 12 ) 


Irwin also pointed out that a second relation can be obtained to solve for 

the two constants (K. and a ) by noticing that / 3 9 = 0 at the tip 

of each isochromatic loop. However, this method is very sersitive to the 

accuracy of measurement ^ and additionally requires the isochromatic loops 

which were not obtained in the point by point experimental procedure used here. 

(qM 

Following the work of Bradley and Kobayashi , was taken the same as 
gross applied tensile stress to the specimen in analyses of photoelastic test 
data involving Mode I loading. Equation (8-12 ) has only one unknown constant, 

V 

8.2 TEST PROGRAM AND EXPERIMENTAL PROCEDURES 
8.2.1 Test Program 


Seven round specimens of 1.50 in. (38.1 mm) or 2.50 in. ( 63.5 mm) diameter 
and 10.0 in. (254.0 mm) length were machined from 3-0 in. (76.2 mm) diameter, 

12.0 in. (304.8 mm) long bars of photoelastic cast epoxy PLM 4B. In specimens 
number 1 to 6, surface notches of depth "a" and length "2c", as shown in Fig- 
ure 8-4, were introduced by a circular cutter with notch root radius of less 
than 0.001 in. (0.025 mm) and the included root angle of 30 degrees (0.52 rad). 

A notch was used rather than a sharp crack because the crack would be blunted 
during the thermal cycle and become a notch of varying root radii. Hence, a 
notch with a predetermined root radius is preferable. As shown in Table 8-1, 
Specimens 1 and 2 had a surface notch of depth a = 0.50 in. (12.7 mm) and 
length 2c = 1.65 in. (41.9 mm). Ratios a/2c and a/D for these specimens were 
0.3 and 0.2, respectively. Specimens 3 and 4 had surface notches of depth 
a = 0.75 in. (19.1 mm) and 2c = 1.90 in. (.48-3 mm). Ratios a/2c and a/D for 
these specimens were 0.4 and 0.3, respectively. Specimens 5 and 6 had surface 
notches of depth a = 0.30 in. (7*6 mm) and 2c = 1.00 in. (25-4 mm) with ratios 
a/2c and a/D being 0.3 and 0.2, respectively. These flaw geometries were 
identical to specimens 1 and 2, but the diameter was 1.50 in. ( 38 . 1 mm). The 
purpose of these tests was to investigate whether nond imens ional stress intensity 
factors obtained from photoelastic tests for these two series of tests of 
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different diameters are nearly the same or not. Flaw shapes and geometries 
(a/2c and a/D) in photoelastic specimens were nearly identical to those in 
surface flawed cylindrical specimens of 2219~T87 aluminum and 6A1-4V BSTA 
titanium (Section 7)- Specimens 1, 3 and 5 were subjected to tensile loads 
only. Thus, Specimens 1, 3 and 5 were subjected to opening mode (Mode I) 
crack surface displacements only. Specimens 2, 4 and 6 were subjected to 
torsion only. These specimens were subjected to sliding (Mode 11) and tearing 
(Mode 111) modes of crack surface displacements. 

A half inch ( 1 2 - 7 mm) deep circumferential notch, with similar notch root 
radius and included angle as surface notched specimens, was machined in Spec - 
imen 7. The diameter of the specimen at the notched section, d, was 1.50 in. 
(38.1 mm) and d/D ratio was 0.6 where D is the diameter of the specimen in the 
unnotched section. This specimen was loaded in pure tension, A good approx - 
imate stress intensity solution is available for this specimen. The purpose 
of testing this specimen was to compare the stress intensity factor obtained 
from the photoelastic technique of stress freezing and slicing with that given 
by the approximate solution and to verify accuracy of the photoelastic method. 

8.2.2 Experimental Procedures 

Specimens 1, 3, 5 and 7 were subjected to small tensile loads and Specimens 2, 

4 and 6 were subjected to sma 11 torques, as s hown in Table 8“1. All s pec i men s 
were dead weight loaded jn a stress freezing oven as shown in Figure 8-5* Ends 
of tension loaded specimens were wrapped with Teflon strips and were pressed 
into aluminum cups. Two end bolts in tension loading were se 1 f - a 1 i gn i ng . In 
torsion loading, ends of specimens were cemented to aluminum caps or a pulley. 
In torsion loading, the upper end of the specimen was fixed stationary and 
the lower end was permitted to deform along a plumbed rod. Torque was applied 
through the pulley with dead weight, as shown in Figure 8~5. For the torsion 
1 oad i ng , t he dead we i g h t s of t he 1 owe r ha If of the spec i men and the attached 
loading jig were counterbalanced by a load applied on the lower end of the 
fixture. For every specimen a calibration specimen was prepared to determine 
photoelastic material fringe constant. The loaded specimen along with the 
calibration specimen were heated from room temperature to the critical tem- 
perature of 225°F (380K) at the rate of 3-33°F (1.85K) per hour. The loaded 
specimens were soaked at 225°F (380K) for 4 hours and then were cooled at 2.5°F 
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(1-39K) per hour to room temperature. Upon removal of load at the end of 
this thermal cycle, the specimen retains a frozen fringe pattern which is 
identical to that produced by the same load at the critical temperature. 
Moreover, this fringe pattern remains unaltered even when the model is sub- 
jected to machining as long as over heating does not take place. Four thin 
slices of approximate.l y 0.04 in. (1.02 mm) nominal thickness were machined 
perpendicular to the plane of the crack for each specimen except Specimen 
number 7< Figure 8-6 shows the locations of the slices. For specimens sub- 
jected to torsion (2, k, and 6) , a subslice in the form of a rectangular 
paral ) elopiped was prepared from each slice as shown in Figure 8-6. For Spec- 
imen 7 (round notched bar in tension), only one diametral slice perpendicular 
to the plane of notch, was taken. 

The notch root radius for each nz plane slice of tension loaded specimens 
was measured with a micrograph. Typical micrographs for three slices in nz 
planes for Specimen 1 are shown in Figure 8-7* These micrographs were taken 
with ordinary (nonpolarized light) at a magnification of 400X . Measured 
notch root radii for each specimen are shown in Table 8-1. At the critical 
temperature, the modulus of elasticity for the photoelastic material (epoxy) 
is quite small (around 3 ksi (20.7 MN/m )). Hence, as mentioned before and 
as seen from Table 8-1, the applied freezing load or torque was kept quite 
small to avoid plastic deformation. Since the applied load was small and 
the slices were thin, the resultant photoelastic fringe orders were low- A 
precision polariscope having a parallel light field and polarizing prisms in 
combination with a sensitive photometer was used to detect the chanqe of 
light intensity from point to point in the fringe pattern. Sena rmont 1 s 
principle of compensation in combination with a photometer was used to deter- 
mine the fractional fringe order at selected points of the slice. 

8-3 RESULTS AND DISCUSSION 

8.3-1 Circumferentially Notched Round Bar (Specimen 7) 

A slice of 0.039 in. (0-976 mm) thickness passing through the center of the 
bar and perpendicular to the notch plane was taken for the circumferentially 
notched round bar (Specimen 7) in tension. Figure 8-8 shows measured fringe 
orders at various locations of n and z from the notch tip. As seen from 
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Figure 8“8, the highest fringe order was 0.361. From the calibration spec 
imen and the thickness of the slice, the model fringe constant was determined 
as 25-0 psi (0.172 MN/m ) per fringe order. The maximum shear stress in the 
plane of a slice at any point is then determined by the product of the model 
fringe constant and the fringe order at that point. The relationship between 
this maximum shear stress in the slice plane and the stress intensity factor 
for a blunt crack is described by equation (3~5) where the effect of the. 
remote stress field (constant term in equation ( 8 — 1 ) ) was not taken into 
account. Utilizing equation (.8 _ 5) and fringe order data given in Fiqure 8-8, 
stress intensity factors K ( were calculated for 3 values of notch root radii, 
p, and are shown in Figure 8-9 to -8-11. In Figure 8 - 9 , p was assumed the 
same as the measured p of 0,002 in. (.0.051 mm) . For calculations of K| , p 
was assumed as 0-001 in. (0.025 mm) and p = 0.0 in- (0.0 mm) in Figures 8-10 
and 8-11, respectively. Average values of K ( were 7-13, 7-12 and 6-99 psiVin 
( 7 . 89 , 7.82 and 7.68 KN/m^ 2 ) for the notch root radii of 0.002, 0.001 and 
0.0 in. (0.051, O.O 25 , 0.0 mm), respectively. These results indicate that 
notch root radius over this range has a negligible effect on the value of Kj . 
Since notch root radii for surface flawed cylindrical specimens were smaller 
than 0.001 in. (0.025 mm) the notch root radii were assumed as 0.0 for the 
calculations of stress intensity factors. Results of K| in Figures 8~9 to 
8-11 show that K ( does not vary much from one point to another point. The 
maximum range of Kj , in these figures is less than 18 percent of the average 
stress intensity factor. 


Based on approximate analyses of Paris and Sih^^, Harris^ ^ and Bueckner 
the stress intensity factor for this specimen and applied load is 5-68, 5-73 
and 6.10 ps i An" (6.25, 6-30, and 6 . 71 kN/m J ), respectively. It is seen 
that the average Kj from photoelastic results (neglecting the effect of the 
remote stress field) are about 25 percent higher than Kj calculated from the 
solution of Reference 48. 


As mentioned before, the notch root radius was taken as zero in all of the 
subsequent calculations of stress intensity facto rs (K j and K j ^ ) . Equation 
8-12 which includes the effect of remote stress field, was used to obtain 
stress intensity factors K| (shown in Figure 8-12) at various points from 
photoelastic data of Figure 8-8. As seen from Figure 8-12, K| varies significantly 
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from point to point. From equation (8-5) and equation (8-12) isochromatic 
fringe orders (1 | ) are expected to be maximum at 9 = 90° (1.57 rad), 

i.e., along the n = 0 line. Thus, measurements of isochromatic fringe 
order would be least sensitive to measurement errors in n and z when 
measurements are made along the z axis. As seen from Figure 8-8, the fringe 
orders measured were very small and small errors in measurement could intro- 
duce significant errors in value of stress intensity factors. As expected 
from the above discussion, the least scatter in stress intensity factor 
existed along the line of n = 0.01 in. (0.25 mm). As seen from Figure 8-12, 
the maximum percentage difference between any individual value of Kj along 
n = 0.01 in. (.0.254 mm) and the average value of K ( was less than 10 percent. 
For n > 0.01 in. (0.25 mm), the stress intensity varies significantly. This 
behavior was also observed for every slice taken from tension loaded surface 
flawed cylindrical specimens. Hence, the calculations of stress intensity 
factor l< ( , from photoelastic data, were carried out only for n = 0.01 in. 
(0.25 mm) hereafter. The average value of the stress intensity factor along 
n = 0.01 in. (0.254 mm) is 5-79 psi/Tn. (6.37 kM/m''^) which compares very 
well with the calculated value of 5 • 73 psi/i~r7 ( 6-30 kH/n?^) . 


From the above results, it seemed that K ( calculated along the n = 0.01 in. 

(0.25 mm) line from equation (8-12) (which included effects of remote stresses) 
was preferable to K| calculated from equation (8~5) (which was based on singular 
stresses only). Hence, in the subsequent analyses of data of tension loaded 
surface flawed cylindrical specimens, stress intensity factors were calculated 
only with equation (8-12). 


8.3-2 Tension Loaded Surface Flawed Cylindrical Specimens 


Four slices of thickness ranging from 0.024 in. (0.6l mm) to 0.041 in. (i.04 
mm) were taken at the locations shown in Figure 8~6 for each of the surface 
flawed cylindrical bars subjected to tension loading. Slice 1-2 in Specimen 
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F r j nge orders were measured at various 


locations of n, z from the notch tip and they are shown in Appendix A in 
Figures A-] through A - 1 D for Specimens 1, 3 and 5* Figures A-l through A- 1 0 
also show slice location, slice thickness and model fringe constant. Equation 
(8-12) was used to calculate stress intensity factors along n = 0.01 in. 
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(0.25 mm) assuming notch root radius p was zero. The individual stress 
intensity factor at any point along n = 0.01 in. (0.25 mm) for any given 
location on the flaw (a given slice) did not differ more than +8 percent 
from the average value of stress intensity factors at that location. Hence, 
the average value of Kj at each location is shown in Table 8-2 for Specimens 
1 , 3 and 5 • 

For the specimen flaw configurations tested, results in Table. 8-2 show that 
the stress intensity factor Kj is maximum at the maximum depth of the flaw 
(location 1-4 in Figure 8-6) and is minimum at the intersection of the flaw 
periphery (location 1-1 in Figure 8-6) and the specimen surface. 

Stress intensity factors Kj obtained from the photoelastic data at various 
locations of the flaw periphery were nond i mens i ona 1 i zed by the stress 
intensity factor K given by each of the following three equations. 


K = 

Ya/a^ 


(8-13) 

K = 

1.95 

ofa~ 

(8-14) 

K = 

1.95 

o/a/0 

(8-15) 


where o is the gross tensile stress applied to the cylindrical specimen, a and 

2c are the flaw depth and the flaw length of the specimen (Figure 8-4). Q is 

related to a/2c and a/a = 0 as qiven by equation (2-1). Equation (8-13) 

ys 

represents the stress intensity factor for an edge cracked specimen with crack 
length of a and crack length to specimen width ratio given by a/D. The re- 
lationship between Y and a/D is given in Reference 4?. Similar to an edge 
cracked specimen of finite width subjected to uniform tension, the surface 
flawed cylindrical specimen loaded in tension also experiences considerable 
bending due to asymmetric cross-section at the flaw plane. It can be shown that 
the ratio of the area occupied by the surface crack to gross area of the spec- 
imen cross section (ttD /4) is less than the ratio a/D for the flaw configurations 
considered in Table 8-2. Inferring from the above, K| at the maximum depth 
for the surface flawed cylindrical specimen should be less than K given by 
equation (8-13). Thus, equation (8-13). would represent the upper bound of the 
stress intensity solution for a surface crack in a cylindrical specimen. 

K, given by equation (8 - 1 4 ) is the stress intensity factor for an edge crack 
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of length a in a semf-i'nf ini'te plate. The lower bound of the stress intens- 
ity solution for the surface flawed cylindrical specimen can be represented 
by the stress intensity factor for a surface crack in a plate of thickness 
D, The stress intensity factor for a surface flaw in a plate for a/D < 0.5 
is given by equation ( 8 - 15 )- 

Results of nondimensional i zed stress intensity factors for location 1-4 
(maximum crack depth) in Table 8-2 show that equations (8-13) and (8-15) 
represent upper and lower bound solutions for stress intensity factors for 
a surface flawed cylindrical specimen in tension. 


Specimen 1 and 5 in Table 8-2 have the same flaw geometry, hence, nondimension- 
alized stress intensity factors obtained from photoelastic tests, ideally, 
should be the same. However, as seen from Table 8-2, nond i mens i onal i zed stress 
intensity factors for these two specimens at the same location of 1-1, 1-3 
or 1-4 (same value of angle 6 in Figure 8-6) differ as much as 18 percent. 

This difference has to be due to experimental inaccuracies and scatter. 


1-1 


Table 8-2 also shows the ratios of stress Intensity factor at surface K| 
(location l-l) to that at maximum crack depth K| ^ (Location 1-4). It is 
known that for an embedded elliptical crack in an infinite solid with the 
ratio of semi-minor to major axis as a/2c, the ratio of stress intensity 
factor at the semi-major axis to that at the semi-minor axis is given by 
v'a/c Table 8-2 shows that the ratio (K^ 
to or less than /a/c . The surface flaw 
instead of semi -el 1 i pt ical . 


l-l/K| |-4 ' s a PP rox imately equal 
n these specimens were part circular 


8.3*3 Surface Flawed Cylindrical Specimen in Torsion 
8. 3-3-1 Sliding Mode Stress Intensity Factor, j 

Four slices of thickness ranging from 0.025 in, (0.63 mm) to 0.040 in. (1,02 
mm) were taken in nz planes at the locations shown in Figure 8-6 for each of 
the surface flawed cylindrical bars (Specimens 2, 4 and 6) subjected to pure 
torsion loading. Measured fringe orders at various locations of n, z in these 
slices are shown in Figure A-ll through A-21 . Figures A-l 1 through A-21 also 
show slice location, slice thickness and fringe constant. From these measured 
maximum shear stresses, t , at various points (n, z) In a slice, sliding mode 
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stress intensity factors K j ^ were computed according to equation (8-6) where 
the notch root radius p was assumed as 0.00! in. (O.025 mm) or zero. The 
variation between computed K j j at any point in the slice and the average Kj j 
(arithmetic average of K ^ ^ at all points in the slice) for the slice (location) 
was less than +_10 percent of the average K j j . Hence K | | values computed at 
all points in a slice were used to calculate the average K ^ | at the location 
of the slice for the specimen. The average K j j computed for p equal to zero 
at any location compared within one to three percent with the average Kj | 
computed for p = 0.001 in. (0.025 mm) at the same location. Average values 
of computed Kj ^ at locations 1-1, 1-2, 1-3 and 1-4 (Figure 8-6) are given in 
Table 8-3 for Specimens 2, 4 and 6. Table 8-3 also shows the maximum gross shea 
stress t (.t = 16T/ttD j ) applied to each of the above specimens. 


Results in Table 8-3 show that K| j at maximum depth (location 1-4 in Figure 
8-6) is less than eight percent of at the intersection of flaw and spec- 
imen peripheries (location 1-1 in Figure 8-6). Results also show that for 


a surface flaw cylindrical specimen subjected to pure torsion, Kj ^ is min- 
imum at maximum flaw depth and Kj j increases along the periphery. Kj j is 


maximum at the flaw periphery near free surface of the specimen. Similar 
results are expected from intuition as well as the results of Kassir and Sih 


(49) 


for an embedded elliptical crack subjected to uniform shear stress. 


Stress intensity factors at the surface of the specimen ( ^ are nondimen- 

sionalized by the factor "t/n" b in Table 8-3 < These nond i mens i ona 1 i zed stress 
intensity factors for Specimens 2 and 6 are 0.80 and 0.67, respectively. Spec- 
imens 2 and 6 have similar specimen-flaw configurations. The nond i mens i ona 1 i zed 
stress intensity factors at the surface for Specimens 2 and 6 differ by 16 
percent. Once again, this difference has to be attributed to scatter, exper- 
imental inaccuracies and inaccuracies in the photoelastic test analysis. 


The solution for the stress intensity factor of an embedded elliptical crack 
subjected to uniform shear t shows that K ( ( values at the major and minor 
diameters of the ellipse (K| ( ^ and K j ^ ) are given by the following equa- 
tions, respectively. (Figures 4(a) and 4(d) of Reference 49.) 
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K | | 2 c = 0.78 t/ireT 0.25 £ a/2c £ 0.50 


( 8 - 16 ) 


1 1 


0 < a/2c < 0.50 


(8-17) 


Stress intensity factors given by equations (.8-16) and (8-17) compare very 
well with computed sliding stress intensity factors K, 


1-1 


and K. 


1-4 


Table 8-3). The effect of linearly varying shear applied on the crack sur- 
face is to reduce K ^ j given by equation (8-16). The effect of the free sur- 
face near the flaw is to increase K ( ( given by equation (8-16). These two 
opposite effects seem to balance each other for the flaw configurations tested. 


From the experimental results and for the range of flaw variables (0.3 ^ a/2c <■ O.k 
0.2 <_ a/D ^ 0 . 3) > and within expe r i menta 1 accuracy , the stress i ntens i ty factor 
Kj | at the surface (Location 1-1 in Figure 8-6) can then be estimated by equa- 
tion (8-16) with little error. Also, from experimental results, K j ^ at maxi- 
mum depth (Location 1-4 in Figure 8-6) can be estimated by the following equa- 
tion. 


K || a = °‘ 05 K 


2c 


= 0 . 04 t /na 


( 8 - 18 ) 


8 . 3 . 3-2 Tearing Mode Stress Intensity Factor j 

For Specimens 2, 4 and 6 loaded in pure torsion, a subslice in the form of a 

rectangular pa ra 1 1 el op i ped was prepared for each of the n-z plane slices, as 

shown in Figure 8-6. Rectangular subslices were taken at z = 0.02 in. (0.51 

mm) away from the notch plane. Measured maximum shear stresses t at various 

nt 

locations of distance n are given in Table A-l for these subslices. 

Equations (8-10) and (8-1 l), along with already determined values of K j | at the 
location of the subslice (Table 8 - 3 ), were used to determine K| | | at grid points 
of each subslice. Calculated K ^ ^ j values varied significantly from point to 
point in the subslices. Variation in calculated K| j ^ values at different points 
on the same subslice was as much as over 100 percent. For locations of 
n > 0.015 in. (O. 38 I mm), calculated for some subsllces at locations 1-1, 

I -2 and t~3 gave imaginary values (numbers) of K j j ^ . As seen from equations 
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(8-2), ( 8 - 3 ) and (8-9), the maximum shear stress t ^ would be zero at z = 0. 

nt 

Measurement errors in z (location of the subslice) would significantly 
change the values of K| | | • Computations for K| ^ were carried out for some 
cases assuming z = 0.01 in. (0.25 mm). It was found that the effect of 
changing z = 0.02 in. ( 0.51 mm) to z = 0.01 in. (0.25 mm) was to decrease 
K| | | at the same location from for z = 0.02 in. (0.51 mm) by as much as 

50 percent at slice location 1-1 (Figure 8-6). However, K ^ j ^ for the assumed 
value of z = 0,01 in. (0.25 mm) was generally higher than K| | ^ at the same 
location for z = 0.02 in. (0,51 mm) for subslice location 1-4 (Figure 8-6). 
Also, for the assumed value of z = 0.01 in. (0.25 mm), values of K ^ ^ ^ were 
real numbers for all locations computed. 

Since K| | | was quite sensitive to values of z and since values of K | j ^ at 
some locations were imaginary numbers, values of Kj ^ ^ are not shown. Basic 
data is presented in Table A-l. 

8.4 CONCLUSIONS 

Results of photoelastic tests showed that for surface flawed cylindrical spec- 
imens tested in tension loading, Kj is maximum at the maximum flaw depth. 

Kj then gradually decreases along the crack periphery and is minimum at the 
intersection of the flaw periphery and the specimen boundary. Results also 
showed that Kj at maximum depth for this case can be bounded by stress 
intensity factor solutions for a single edge crack in a plate (equation (8-13)) 
and a surface flaw in a plate (equation (8-15))- For a/D = 0.2, Kj at the 
maximum depth calculated by equation (8-15) underestimates the measured K| 
by approximately 15 percent. For a/D = 0.3, K| at the maximum depth calculated 
by equation (8-13) overestimates the measured Kj by approximately 14 percent. 

Results of photoelastic tests showed that for surface flawed cylindrical 
specimens tested under pure torsion, K j j is minimum at the maximum flaw depth 
and is maximum at the intersection of the flaw periphery and the specimen 
boundary. Values of Kj ^ at the latter location is approximately 5 percent of 
Kj j at the former location. K j j at the intersection of the flaw periphery and 
the specimen boundary can be calculated by equation (8 - 1 6 ) within an accuracy 
of about 10 percent for these specimen flaw configurations. 
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STRESS INTENSITY MAGNI FICATIQN FACTORS AT THE POINT OF 
MAXIMUM CRACK DEPTH FOR SURFACE CRACKS IN TENSION 
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Figure 3- 1 : Microstructure For 0.375 in. ( 9.52 mm) Thick 6AI-4V STA Titanium 
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Figure 3-3: Microstructure For 1.0 in. (25.4 mm) Thick 6A/-4V fiSTA Titanium 
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Figure 3-4. Tensile Specimen For Mechanical Property Measurements 
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Figaro 4-5. Instrumentation For Calibrations of Combined Bending and Tension Test Specimens 
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Figure 4-7: Load-Crack Opening Displacement Curves For Four Point Bend Surface 

Flawed Specimens at -423F (20K) 
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Figure 5- 1: Surface-Flawed 2219- 
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Figure 5-2: Surface-Flawed 6AI-4V (3STA Titanium Specimen For Ambient Air Testing 
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Figure 5-3: Surface- Flawed BAI-4V (5STA Titanium Specimen for LN 2 and LH 2 Testing 



Figure 5-4: Surface-Flawed 6AI-4V $ ST A Titanium Specimens For Ambient Air, l.fl /2 and LH 2 Testing 
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Figure 5-5: Load Vs. Crack Opening Displacement Records for 221 9-T87 Aluminum Specimens During Proof Loading at Room Temperature 
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Figure 5-7: Load Vs. Crack Opening Displacement Records 
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F- T87 Aluminum Specimens During Proof Loading at -320F (78Kj 
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Figure 5-9: Typical Crack Opening Displacement Vs. Cycles Record for 2219-T87 Aluminum Specimen at Room Temperature 
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Figure 5-12: K/j/Kj^ Against Cycles to Failure 
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CRACK OPENING DISPLACEMENT 


Figure 5-15: Load Vs. Crack Opening Displacement Plots for Surface Flawed Specimens of 6 AI-4V tiSTA Titanium Tested at 
72 F (295K) and -320F (78K) 
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Figure 5-17: Load Vs. Crack Opening Displacement Records for ( 
Unloading at -320F (78K) 
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Figure 5- 19: Typical Crack Opening Displacement Vs. Cycles Record For 6AI-4V (3STA Titanium Specimen 'at Room Temperature 
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Figure 5-21: Typical Crack Opening Displacement Vs. Cycles Record For 6 A 1-4 VjSSTA Titanium Specimen at -423F (20K) 
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Figure 5-22: Comparisons of Cyclic Flaw Growth Rates For 6AI-4V ft -ST A Titanium at Room Temperature 
With and Without Proof Load C\ des 
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Figure 5-23: Comparisons of Cyclic Flaw Growth Rates For 6AI-4 V (5 -ST A Titanium at Room 
Temperature With and Without Proo* Load Cycles 
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Figure 5-24: Comoarisons of Cyclic Flaw Growth Rates For 6AI-4V p-STA Titanium at -320F (78K) With and Wit>- out Proof Load C des 
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5-25: Comparisons of Cyclic Flaw Growth Ratos For 6AI-4V t 5-STA Titanium 
at -423F ( 20K ) With and Without Proof Load C cies 
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Figure 6-5: Fracture Angle Versus Crack Angle in a Cracked Plate Under Uniform Tension 
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SPECIMEN WIDTH REDUCED TO 1.50 INCH (38.1mm) SYMMETRICAL ABOUT C WiTHIN 005 INCH (0 13 mml 
AFTER HEAT TREATMENT & PRECRAC.KING * IU.Umm| 


Figure 6-6: Specimens for <p Degree Inclined Center Cracks for Combined Mode III Tests 
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Figure 6-7 : Through Cracked Tube Specimens for Mode 1/ Tests 
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Figure 6-8: Circumferentially Notched Round Bar Specimens for Combined Mode I -HI Tests 
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Figure 6-9: Specimens for 4> Degree Inclined Surface Flaws for Combined Mode l-ll-lll Tests 
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Figure 6-10: Surface Flawed Cylindrical Speci 
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Figure 6-11: Stress Intensity Factors for Inclined Center Cracked Strips Subjected to Uniaxial Tension Loading 




Figure 6- 12: Normalized Stress Intensity Factors for a Tension Plate with Initially Slanted Crack, 
<t>= 45 Degrees (0.79 Rad) 
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NORMALIZED STRESS INTENSITY FACTOR, M = KJoy/Za OR M CTT = K TT /ay^a 
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Figure 6 - 16: Fatigue Crack Grom Under Rotating Bending Fatigue From A Circumferential 
I /-Notch in 4340 Steel 
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Figure 6-17: A Round Notched Bar Specimen For Precracking Under Rotating Bending Fatigue 
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Figure 6-18: Tension-Torsion Test Machine 
1 46 


o 

© 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 



Figure 6- 19: Instrumentation for Round Specimens Containing Surface Flaws 
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Figure 6-20: Instrumentation for Round Notched Bar Specimens 
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Figure 6-21: Surface Flawed and Center Cracked 4340 Steel Specimens For Room Temperature Testing 
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Figure 6-23: Fracture Surfaces of Inclined Center Cracked Specimens of 4340 Steel Subjected to Combined Modes / and II. 
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Figure 6-24: Vs. Kj/ at Fracture For a 4340 Steel Cracked Plate Under Combined 

Mode HI Loading at -200F (144K) 
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Figure 6-27: 


K//K/cr Versus Ku/Ku cr For a Cracked Plate 
Under Combined Mode /-// Loading 
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Figure 6-28: Combined Mode l-lil Interaction Curve for 4340 Steel at Room Temperature 
Obtained From Round Notched Bar Specimens 
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Figure 6 29: Load-Displacement Records for Round Notched Bar-Specimens Subjected to Tension and Torsion 


TENSILE LOAD, P (Klj>) 






K|/K||| = °° (3RNB-10) 


K|/K m = 2.30 (3RNB-11) 


K|/K 1 1 1 = 1.16 (3RNB-12) 



Figure 6-30: Fracture Surfaces of Round Notched Bars of 4340 Steel Subjected to Combined Modes / and III 
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Figure 6-32: Fracture Surfaces of Inclined Surface Flawed Specimens Subjected to Combined Modes /, // and III 
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/v^re Load-Displacement Records for 4340 Steel Cylindrical Specimens Containing Surface Flaws 




250 500 750 1000 

SHEAR STRESS, r p AT FAILURE (MN/m 2 ) 


Figure 6-34 : Fracture Tests of 4340 Steel Cylindrical Specimens Containing Surface Flaws 

Subjected to Simultaneous Tension and Torsion 
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Figure 6-35: Fracture Surfaces of Surface Flawed Round Specimens of 4340 Steel 

(Left to Right op/rp Are °° 1. 12, 0.61, 0.27, 0.0) 
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Figure 6-36: K//Ki cr Vs. Klll/Klllcr For Round Notched 

Bar Specimens, Inclined Surface Flawed Flat Specimens, 
And Surface Flawed Round Specimens of 4340 Steel 
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Figure 7-1: 


Surface Flawed Cylindrical Specimen for 2219-T87 Aluminum for Combined Tension and Torsion Tests 
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Figure 7-2: Test Program for 22 19-T87 Aluminum and 6 A! -4 V$ STA Titanium Static Fracture 

Tests Under Combined Tension and Shear Stresses 




Figure 7-3: Surface Flawed Cylindrical Specimen for 6 A 1 -4V£ STA Titanium for Combined Tension and Torsion Static Tests 




Figure 7-4: Surface Flawed Cylindrical Specimen for 6 A! -4V /3 ST A Titanium for Combined Tension and Torsion Cyclic Tests 
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Figu r e 7-5, Load- Displacement Records for 2219-T87 Aluminum Surface Flawed Cylindrical Specimens 



LEGEND 


• TENSION APPLIED FIRST 
■ TORSION APPLIED FIRST 



0 100 200 300 400 


SHEAR STRESS AT FAILURE r p (MN/m 2 ) 


Figure 7-6: Fracture Tests of 2219- T87 Aluminum Cylindrical Specimens Containing 

Surface Flaws Subjected to Combined Tension and Torsion 
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Figure 7-7: Fracture Tests of 2219-T87 Aluminum Cylindrical Specimens Containing Surface 

Flaws Subjected to Combined Tension and Torsion 
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Figure 7-8: Fracture Tests of 22J9-T87 Aluminum Cylindrical Specimens Containing 

Surface Flaws Subjected to Combined Tension and Torsion 
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Figure 7-9: Fracture Surfaces of Surface Flawed Cylindrical Specimens of 221 9-T8 7 

Aluminum Subjected to Combined Tension and Torsion (Static Fracture } 
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Figure 7-10: K/K/^vs. ^u/Kju cr For 2219-T87 Aluminum Cylindrical Specimens Containing 

Surface Flaws Subjected to Combined Tension and Torsion 
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Figure 7- 1 1 : L oad-Displacement Records for 6 A i-4 V fi ST A Titanium Surface Flawed Cylindrical Specimens Subjected to Tension and Torsion 
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Figure 7 - 12: Fracture Tests of 6A 1-4 V p STA Titanium Cylindrical Specimens Containing 
Surface Flaws Subjected to Combined Tension and Torsion 
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Figure 7- 13: Fracture Tests of 6 A 1-4 1/0 STA Titanium Cylindrical Specimens Containing 
Surface Flaws Subjected to Combined Tension and Torsion 
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Figure 7- 14: Killer ^ s - ^////AT/// cr For 6AI-4V (1STA Titanium Cylindrical Specimens Containing 

Surface Flaws Subjected to Combined Tension and Torsion 
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Figure 7-15: Fracture Surfaces of Surface Flawed Cylindrical Specimens of 6A I-4V (5STA 
Titanium Subjected to Combined Tension and Torsion (Static Fracture) 
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Figure 7- 1 6: Correlation Between Cyclic ( Combined Tensile and Shear) Stresses and Cycles to Failure for Surface Flawed 
Cylindrical Specimens of 2219-T87 Aluminum 
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Figure 7- 17: Correlation Between Cyclic (Combined Tensile and Shear) Stresses and Cycles to Failure for Surface Flawed 
Cylindrical Specimens of 6 A 1-4 V $STA Titanium 
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Figure 7- 18: Fracture Surfaces of Surface Flawed Cylindrical Specimens of 2219- T87 Aluminum Subjected 
to Cyclic Tensile and Torsional Loadings 
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Figure 7- 1 9: Fracture Surfaces of Surface Flawed Cylindrical Specimens of 6AI-4V (3 STA 
Titanium Subjected to Combined Tensile and Torsional Cyclic Loadings 
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Figure 8-5: Notched Photoelastic Specimens in Tension or Torsion Loading in Stress Freezing Oven 
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Figure 8-6: Location of Slices for Photoelastic Specimen 


188 


coooooooooooooooooo 


CO 

u> 


SLICE 1-1 400X 


SLICE 1-2 400X 


SLICE 1-3 400X 



Figure 8-7: Micrographs of Notch Hoot Radii for Slices in nz Plane of Surface Notched Specimen 1 
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Figure 8-8: Measured Fringe Orders for Circumferentially Notched Round Bar 
(Specimen 7) in Tension 
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Figure 8-9: Stress Intensity Factors Calculated for a Circumferentially Notched Round Bar 

(Specimen 7) Neglecting Effect of Remote Stress Field (p = 0.002 IN. ( 0.051 mm)) 
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Figure 8- 10: Stress Intensity Factors Calculated for a Circumferentially Notched Round Bar 
(Specimen 7) Neglecting Effect of Remote Stress Field ( P = 0.00 1 1N. (0.025 mm } 
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Figure 1 1: Stress Intensity Factors Calculated for a Circumferentially Notched Round Bar 
(Specimen 7) Neglecting Remote Stress Field ( P = 0.000) 
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Figure 8- 12: Stress Intensity Factors for a Circumferentially Notched Round Bar (Specimen 7) 
Using Equation (8- 12) 
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ELEMENT 
<% BY WEIGHT 
EXCEPT AS 
NOTED) 

— 

COPPER 


SILICON 


MANGANESE 


MAGNESIUM 


CHROMIUM 


ZINC 


VANADIUM 


TIN 


CARBON 


NITROGEN 


OXYGEN 

!~ 

HYDROGEN 


ZIRCONIUM 


PHOSPHOROUS 


SULPHUR 


NICKEL 


MOLYBDENUM 


IRON 


TITANIUM 

1 


ALUMINUM 


Table 3-1: Chemical Composition of Materials Tested 






































Table 3-2: Mechanical Properties of Titanium Alloys 


ALLOY 

PLATE 

THICKNESS 

IN. 

(mm) 

TEST 

TEMPERATURE 
DEG. F 
(DEG. K) 

LOADING 

DIRECTION 

L=LONGITUDINAL 

T-TRANSVERSE 

ULTIMATE 

TENSILE 

STRENGTH 

KSI 

(MN/m 2 ) 

0.2% OFFSET 
YEILD 
STRENGTH 
KSI 

(MN/m 2 ) 

PERCENT 
ELONGATION 
IN 2.0 IN. 
GAGE LENGTH 

PERCENT 

REDUCTION 

IN 

AREA 

5AI-2.5 Sn (ELI) 
TITANIUM 

0.80 

-320 

(78) 

L 

176 

(1214) 

IBHi 

1 

8 

— 

(20.3) 

-423 

(20) 

L 

201 

(1386) 

187 

(1289) 

3 

— 



72 

L 

186 

(1282) 

174 

(1200) 

6 

16 

6AI-4V (ST A) 


(295) 

T \ 

163 

(1124) 

149 

(1027) 

4 

18 

TITANIUM 

0.375 

(9.5) 

-320 

L 

260 

(1793) 


3 

15 

(78) 

T 

237 

(1634) 


3 

15 



-423 

L 

290 

(2000) 

277 

(1910) 

2 

— 



(20) 

T 


— 

— 

— 



72 

L 

173 

(1193) 

156 

(1076) 

4 

7 

6AI-4V 


(295) 

T 

172 

(1186) 

I ml 

6 

9 

BETA-ANNEALED 

0.375 

(9.5) 

-320 

L 

247 

(1703) 


3 

4 

(ST A) 

(78) 

T 

545 

(1689) 

226 

(1558) 

3 

4 

TITANIUM 


-423 

L 

284 

(1958) 

269 

(1855) 

3 

— 



(20) 

T 

■^H| 

| 

261 

(1800) 

3 


6AI-4V 

BETA-ANNEALED 
(ST A) TITANIUM 

1.0 

72 

L 


146 

(1007) 

8 

9 

(25.4) 

(295) 

T 

162 

(1117) 

146 

(1007) 

8 

9 


































































Table 3-3: Mechanical Properties of 4340 Steel Plate 











LOADING 

ULTIMATE 

0.2% OFFSET 

PERCENT 

PERCENT 

PLATE 

TEST 

DIRECTION 

TENSILE 

YIELD 

ELONGATION 

REDUCTION 

THICKNESS 

TEMPERATURE 

TENSILE 

STRENGTH 

STRENGTH 





S i H tNGTH 



IN 2.0 IN. 

IN 

IN. 

DEG. F 

KSI 

KSI 

KSI 

(50.8 mm) 


(mm) 

(DEG. K) 

(MN/m 2 ) 

(MN/m 2 ) 

(MN/m 2 ) 

GAGE 

AREA 






LENGTH 



72 

L 

277 

212 

10 

36 


(295) 


(1910) 

(1462) 





T 

274 

216 

11 

40 

1.0 



(1889) 

(1489) 



(25.4) 









i 

294 

225 

C 

c 


-200 

L 

(2027) 

(1551) 

D 

D 


(144) 

T 


210 

2 

1 





(1448) 






















Table 3-4: Mechanical Properties of 2219- T87 Aluminum Plate 


PLATE 

THICKNESS 

IN. 

(mm) 

TEST 

TEMPERATURE 
DEG. F 
(DEG. K) 

LOADING 

DIRECTION 

L=LONGITUDINAL 

T=TRANSVERSE 

ULTIMATE 

TENSILE 

STRENGTH 

KSI 

(MN/m 2 ) 

0.2% OFFSET 
YIELD 
STRENGTH 
KSI 

(MN/m 2 ) 

- 

PERCENT 
ELONGATION 
IN 2.0 IN. 
(50.8 mm) 
GAGE LENGTH 

PERCENT 
REDUCTION 
IN AREA 


72 

(295) 

L 

68 

(469) 

■OH 

10 

28 



T 

69 

(476) 


8 

15 

1.0 

(25.4) 

-320 

(78) 

L 


■w!»H 

13 

22 


T 

WKSKKMKi 


12 

14 


-423 

(20) 

L 

■HM 

1 

15 

— 



T 

HH 


11 

13 

2-50 

72 

(295) 
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mum 

12 

23 
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69 

(476) 

55 

(379) 

10 

15 




























Table 4 - 1: Test Program for 5 A 1-2-5 Sn (EL!) Titanium 
Tension Stresses at -32QF (78 K) 



Flawed Specimens Loaded to Fracture in Combined Bending and 


t 

IN. (mm) 

e 

IN. (mm) 

— 

a/t 

NO. OF 
TESTS 

0.375 

0.00 

0.3 

2 

(9.5) 


0.4 

2 



0.3 

2 


0.045 




(1.14) 

0.5 

2 

0.28 




(7.1} 

0.090 

0.3 

2 

i 

(2.29) 

0.5 

2 

























Table 4-2: Test Program for 5AI-2.5 Sn (ELI) Titanium Surface Flawed Specimens Loaded to Fracture 
in Pure Bending at -423F (20 K) 


SPECIMEN 

CONFIGURATION 

a/2c 

t 

IN. (mm) 

a/t 

NO. OF TESTS 

P/2 ^ 

r— n 

«- 



0,2 

2 



0.25 

0.75 

0.3 

2 





(19.1) 

0.4 

2 


P/2 ^ 









«- 



0.5 

2 













Table 4-3: Static Fracture Toughness Data For 5AT2.5 Sn (ELI) Titanium at -320F (78 K) 


SPECIMEN 

IDENTIFI - 
CATION 

SPECIMEN 

THICKNESS 

t 

IN (mm} 

SPECIMEN 

WIDTH 

W 

IN (mm) 

FLAW DEPTH 

a . 

IN (mm) 

FLAW LENGTH 
2c 

IN (mm) 

FRACTURE 
STRESS 
<7, KSI 
(MN/m 2 ) 

FRACTURE 

TOUGHNESS 

KlE 

KSI ^IN. 
(MN/m 3/2 ) 

2TSFN1 

0.369 

2.001 

0.108 

0.480 

149.4 

84.1 


(9.37) 

(50.8) 

(2.74) 

(12.2) 

(1030) 

(92.4) 

2TSFN2 

0.378 

2.002 

0.105 

0.455 

148.2 

81.6 


(9.60) 

(50.8) 

(2.67) 

(11.6) 

(1022) 

(89.7) 

2TSFN3 

0.378 

2.500 

0.159 

0.707 

119.3 

81.0 


(9.60) 

(63.5) 

(4.04) 

(18.0) 

(823) 

(89,0) 

2TSFN4 

0.373 

2.503 

0.158 

0.718 

130.2 

89.5 


(9.47) 

(63.6) 

(4.01) 

(18.2) 

(898) 

1 

(98.4) 
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Table 4-4: Test Results for 5AI-2.5 Sn (ELI) Titanium Surface Flawed Specimens Subjected to Combined Bending and Tenveo 
Stresses at -320F (78 K) 


I SPECIMEN 

FLAW SIZE 

RESULTS 

CONFIG - 
U RATION 

IDENTI - 
FI CATION 

THICKNESS 

t 

IN. (mm) 

WIDTH 

W 

IN. (mm) 

— 

OFFSET 

e 

IN. (mm) 

DEPTH 

a 

IN. (mm) 

LENGTH 

2c 

IN. (mm) 

FAILURE 

LOAD 

KIPS 

(MN) 

FAILURE 
TENSILE 
STRESS 
°T, KSI 

(MN/m 2 ) 

ESTIMATED 
FAILURE 
BENDING 
STRESS, 
r/ B, KSI 
(MN/m 2 ) 

FRACTURE 
TOUGH- 
NESS, K cr 

KSI V~ilN 
(MN/m 3/2 ) 

r 

l \ 

f 

♦ p 

2TCBN1 

0.278 

(7.06) 

2.503 

(63.6) 

0.090 

(2.29) 

0.083 

(2.11) 

0.340 

(8.6) 

118.4 

(0.527) 

170.0 

(1172) 

30.5 

(210) 

94.1 

(103.4) 

2TCBN6 

0.281 

(7.14) 

2.507 

(63.7) 

0.090 

(2.29) 

0.080 

(2.03) 

0.333 

(8.5) 

119.5 

(0.532) 

169.5 

(1169) 

30.5 

(210) 

92.9 

(102.1) 

2TCBN2 

0.253 

(6.43) 

2.506 

(63.7) 

0.072 

(1.83) 

0.081 

(2.06) 

0.340 

(8.6) 

105.3 

(0.469) 

166.1 

(1145) 

25.1 

(173) 

89.9 

(98.8) 

2TCBN5 

0.280 

(7.11) 

2.507) 

(63.7) 

0.040 

(1.02) 

0.080 

(2.03) 

0.335 

(8.5) 

116.8 

(0.520) 

166.8 

(1150) 

15.5 

(107) 

86.1 

(94.6) 

2TCBN3 

0.280 

(7.11) 

2.503 

(63.6) 

0.097 

(2.46) 

0.133 

(3.38) 

0.560 

(14.2) 

75.2 

(0.335) 

107.5 

(741) 

32.6 

(225) 

77.3 

(85.0) 

2TCBN8 

0.278 

(7.06) 

2.502 

(63.6) 

0.093 

(2.36) 

0.127 

(3.23) 

0.555 

(14.1) 

73.1 

(0.325) 

105.0 

(724) 

31.5 

(217) 

74.4 

(81.8) 

2TCBN4 

0.281 

(7.14) 

2.500 

(63.5) 

0.044 

(1.12) 

0.141 

(3.58) 

0.560 

(14.2) 

100.0 

(0.445) 

142.4 

(982) 

16.7 

(115) 

96.2 

(105.7) 

2TCBN7 

0.281 

(7.14) 

2.509 

(63.7) 

0.053 

(1.35) 

0.130 

(3.30) 

0.555 

(14.1) 

82.4 

(0.367) 

116.9 

(806) 

19.4 

(134) 

78.2 

(85.9) 




Table 4-5: Test Results For 5 A 1-2, 5 Sn (ELD Titanium Surface Flawed Specimens Subjected to Pure Bending at -423F (20 Kj 


SPECIMEN 



FLAW SIZE 

RESULTS 










MAXIMUM 

«cr 

KSI 

<MN/m 3/2 ) 

CONFIGURATION 

IDENTIFI- 

CATION 

THICKNESS 

t 

IN. (mm) 

WIDTH 

W 

IN (mm) 

DEPTH 

a, 

IN (mm) 

LENGTH 

2c 

IN. (mm) 

MOMENT AT 
FRACTURE 
IN-LB. 
(JOULE) 

BENDING 
STRESS AT 
FRACTURE, 

a B 

KSI (MN/m 2 ) 




2TPBH-1 

0.750 

(19.1) 

3.002 

(76.3) 

0.123 

(3.12) 

0.575 

(14.6) 

45,600 

(5150) 

162.3 

(1119) 

84.7 

(93.1) 

P/2 

— 


2TPBH-2 

0.753 

(19.1) 

3.003 

(76.3) 

0.125 

(3.18) 

0.565 

(14.4) 

47,175 

(5330) 

166.2 

(1146) 

86.5 

(95.1) 




2TPBH-3 

0.744 

(18.9) 

3.001 

(76.2) 

0.200 

(5.08) 

0,865 

(22.0) 

37,050 

(4190) 

133.8 

(923) 

75.4 

(82.9) 


< 


2TPBH-4 

0.750 

(19.1) 

3.003 

(76.3) 

0.205 

(5.21) 

0,865 

(22.0) 

39,225 

(4430) 

139.3 

(960) 

78.7 

(86.5) 

P/2 



2TPBH-5 

0.751 

(19.1) 

3.498 

(88.9) 

0.280 

(7.11) 

1.150 

(29.2) 

42,750 

(4830) 

130.0 

(896) 

74.2 

(81.5) 



2TPBH-6 

0.750 

(19.1) 

3.500 

(88.9) 

0.280 

(7.11) 

1.160 

(29.5) 

41,925 

(4740) 

127.8 

(881) 

73.1 

(80.3) 


— 


2TPBH-7 

0.751 

(19.1) 

3.500 

(88.9) 

0.348 

(8.84) 

1.470 

(37.3) 

, 36,940 

(4170) 

112.6 

(776) 

63.2* 

(69.5) 




2TPBH-8 

0.750 

(19.1) 

3.500 

(88.9) 

0.347 

(8.81) 

1.450 

(36.8) 

36,150 

(4080) 

110.2 

(760) 

62. r 
(68.2) 


W/2c^2.4 INADEQUATE WIDTH 




Table 5- 1: Test Program For Proof Test Temperature Effects on 2219-T87 Aluminum 















Table 5-2: Test Program For Proof Test Temperature Effects on 6AI-4V 0STA Titanium 


SPECIMEN 

NUMBER 

PROOF LOAD APPLIED AT 

STATIC FRACTURE 

CYCLIC CONDITIONS AT 


72 F 
(295K) 

-320F 

<78K) 

-423 F 
(20K) 

-320F 

(78K) 

-423 F 
(20K) 

72 F 
(295K) 

-320F 

(78K) 

-423 F 
(20K) 

REMARKS 

6T-1 






Cl 




6T-2 






C2 



BASELINE 

6T-33 






C2 




6T-3 







C3 


CYCLIC DATA 

6T-3A 







C3 


WITHOUT ANY 

6T-4 







C4 



6T-32 







C4 


PROOF LOAD 

6T-30 








C5 

EFFECTS 

6T-6 








C6 


6T-7 

P1 



X 





EFFECT OF PROOF 

6T-8 

PI 

P2 


X 





"LOAD TEMPERATURES 

6T-9 

PI 




X 




ON FRACTURE 

6T-31 

PI 


P3 


X 




TOUGHNESS 

6T-1 1 


P2 




n 




6T-12 


P2 




Cl 

CO 




6T-13 

PI 

P2 




Cl 



EFFECTS OF 

6T-14 

PI 

P2 




C2 



PROOF LOAD 

t ms r>r n ati i n cc 










TEMPERATURES 

6T-5 



P3 



Cl 



ON FLAW GROWTH 

6T-27 



P3 



Cl 



CHARACTERISTICS AT 

6T-28 



P3 



C2 



72F <295K) 

6T-10 

PI 


P3 



Cl 




6T-29 

PI 


P3 



C2 




6T-19 


P2 





C3 


EFFECTS OF PROOF LOAD 

6T-20 


P2 





C4 


TEMPERATURES ON FLAW 

6T-21 

PI 

P2 





C3 


GROWTH CHARACTERISTICS 

6T-22 

PI 

P2 





C4 


AT-320F (78K) 

6T-23 



P3 





C5 

EFFECTS OF PROOF LOAD 

6T-24 



P3 





C6 

TEMPERATURES ON FLAW 

6T-25 

PI 


P3 





C5 

' GROWTH CHARACTERISTICS 

6T-26 

PI 


P3 





C6 

AT -423 F (20K) 
















FIGURE 5-3 PROOF TEST TEMPERATURE EFFECTS ON THE FLAW GROWTH CHARACTERISTICS OF 221 9-T87 ALUMINUM 


SPECIMEN i 

CYCLIC EXTEN- 
SION OF EDM 
FLAW @ R.T. 

FLAW SIZE 
BEFORE PRELOAD 

FIRST PRELOAD 
CYCLE 

FLAW SIZE 
AFTER 

FIRST PRELOAD 

1 

SECOND PRELOAD 
CYCLE 

FLAW SIZE. 
AFTER 

SECOND PRELOAD 

OPERATIONAL CONDI 

TIONS TO F 

RACTURE 




IDENTIFICATION 

t/3 

V) 'P 

ui E 
Z E 
Y ^ 
U X 

n 

5 E 

xi 

Qu 

MAX. CYCLIC 
STRESS 
KSI (MN/m 2 ) 

U_ 

O 

i> 

z u 

i! 

LU 

o X 

Is 

-J - 
IX rb“ 

f E 

^5 

I s 

is 

Ui 

tc 

D 

H 

< 

QC 

UJ w 

LU u. 
HO 

CN 

* e 

;.o ^ 

HI ^ 

cc 5 
H __ 
« V) 
X ^ 
< H 
2 b 

CN 

H 

H 

a 2 

Ui ^ 

cr 

^ iT 

0 
m -r 

Q X 

u 

§5 
5 s* 

U. CN 

1 

E 

p 

c 

“2 

E- 

u u. 
- o 

rT 
c/s' ^ 

UJ 1 
(T S 
H _ 
« Ss 
X * 

io- 

CO 

55 I 

it 

a g 

UJ x 

ac ‘cv 

t| 

UJ -z 

Q X 

LL ^ 

LL <n 

ii 

_l G 

5S 

5 * 

LL. CM 

Ui 

X 

3 

H 

< 

CC _ 
LU w 

I ~ 

LU Li- 
HO 

STATIC 

FAILURE STRESS, 
KSI (MN/m2> 

MAX. CYCLIC 
STRESS, 

KSI (MN/m 2 ) 

NO. OF CYCLES 
TO FAILURE 

fi 

a_ ~ 

UJ x 

$2 

< j. 

-j b 

U_ 

x e 

H c 
OS 

§5 

-* Z 

s- 
5 J 5 

U. CN 

CN 

CO 

E 

1 1 
in i ■ 

tK 

Z _ 
— in 
<n ^ 
as 

UJ , 

« 14 

CN 

ro 

E 

E’l 

<n i 

r 1 ! 

z _ 
— </> 
<n tz 
ui 

UJ • 

x * 

te sr 

* 

* 

d’_ m 
< -- 

p3S=5SS5!C=asa 

6A-18 





0.232 

(5.89) 

0.836 

(21.3) 

n 





n 






-423 

(20) 

63.4 

(437) 

- 

— 

0.232 

(5.89) 

0.838 

(21.3) 

49.6 

(54.5) 

— 








6A-1 

m*r& 

5.002 

(127) 


■ 


nEEM 

■elfin 

-320 

178) 

— 5TB 

(3711 

Bn 

■EEm 

non 

n^n 

BMiBI 

■ 

- 

- 

- 

— 

— 

ROOM 

51.4 

(354) 

— 

- 

DELAMINATION 

40.3 

(44.3) , _ 

— 

— 

6A-2 

■iisti™ 





■BEM 

■aaS 

Kim 

-320 

(78) 

■ESni 

Bf 

■m 

■sm 


— 

— 

- 

— 

— 

ROOM 

- 

40.6 

(?8Q) 

1 1274 

OELAMINATION 

- 

30.9 

(34.0) 

0,77 i 



4.999 

(127) 



12,000 

■SEZnl 

B2£l!^B 

IBB 

-320 

(78) 

“STS 

(385) 

b^b 

MEW 

■m 

bsb 

■UUH 

■ 

— 

— 

— 

- 

— 

ROOM | 

- 

43.9 

(303) 

1 956 

DELAMINATION 

— 

33.6 

(36.9) 

0.837 I 


0.602 
i 1 5.3) 

T.m 

(127) 




mmm 


ROOM 

■47.5” “ 
(328) 

mmm 

DELAMINATION 

■ 

m 

,58.3 

(402) 

44.8 

(49.2) 

DELAMINATION 

ROOM 

51.8 

(357) 


. ~ 

DELAMINATION 

39.8 

(43.7) 

— 

- | 

1 6A ‘ 5 

nr? 

■tSH 

t:ooo 

(127) 




■13!£hI 

mBBm 

ROOM 

■^n 

■ESaH 

■n 

■Rnm 

DELAMINATION 


n 

59.8 

(412) 

45.9 

(50.4) 

DELAMINATION 

ROOM 


(280) 

1542 

DELAMINATION 

— 

31.1 

(34.2) 

0.775 


KTCjjgn 

5.000 

(127) 


~ 



mil 

— 

ROOM 

mum m 

mmmB 

ng^n 

rh 



— 



— 

- 

ROOM 

— 

43.9 

(303) 

1073 

DELAMINATION 

— 

3T5 

(37.4) 

0.046 



S.600 

(127) 




0.230 

(5.84) 

BGEEEn 

Bn 


— 

nkMjn 

■Bzn 

■ 


ggjB 

\tTm 

58.5 

(4031 

45.2 

(49.7) 

DELAMINATION 

ROOM 

— 

44.0 

(3031 

1138 

DELAMINATION 

— 

33.9 

(37.3) 

0.845 

6A-7 

0.605 
115 41 

~sir 

(1271 



16,000 

BB 

■MM 

nm 

KK£Sn 

■H 

— 5TS 

(376) 

nTi7« 

njJwjyB 

■BKI 


— 



— 

— 

ROOM 

5TTS 

(357) 

— 

— 

DELAMINATION 

SU.ti 

(44.6) 

- 

— 

6A-8 

■or*:>n 

nffiH 

niOTn 

■m 



15,000 

ngn 

■m 

mu 

EM 

55.0 

(379) 

BKE£H 

■L'frlB 




— 

— 

— 

— 

— 

ROOM 


40.7 

(281) 

1946 

DELAMINATION 

— 

31.2 

(34.31 

0.777 

mm 

■ttXH 

njfjlji^B 

WmSBIm 



14,000 



^E££n 

wRBon 

54.7 

(377) 



E3 


— 

— 

— 

— 1 

— 

ROOM 

— 

43.7 

(301) 

1164 

DELAMINATION 

— 

33CS 1 
(36.91 

0.837 

6A-10 

mmwm 

■tSun 




14,000 


0.830 

(21.1) 

ROOM 

mm 

nEm^P 


delamination 


423 

(20) 

55.1 

(380) 

42.3 

(46.5) 

DELAMINATION 

ROOM 

52.3 

(361) 


— 

DELAMINATION 

2RT2 

(44.2) 

— 

— 

6A-11 

■iMjl 




15,000 


njjjgH 

■Bn 

ROOM 

n**n 

nw 

— 3T? — 

(40.3) 

DELAMINATION 


m — 
(20) 

55.0 

(379) 

42,3 1 

(46.5) 

DELAMINATION 

ROOM 

— 

40.6 

(280) 

; 1925 

DE LAMINATION 

— 

TT5 
(34 31 

.0.777 

6A-12 

mwrm 




13,000 



ROOM 

=““4X6 

(328) 

■ciiin 

DELAMINATION 


m 

(20) 

50 

(379) 

42.1 

(46.3) 

DELAMINATION 

ROOM 

— 

43.9 

(303) 

1597 

DELAMI NATION 

— 

3377 

(37.0) 

0.838 

6A-13 


5.W0 

(1271 



12,000 

m&wmg 

■BEan 

■Bn 

ROOM 

—mi — 

(331) 

Biilfl 

■tiildn 

DELAMINATION 


— 

— 

— 

— 

- 

-320 

(78) 

62.0 
(427) 

~ 

- 

DELAMINATION 

r 477 2 

(52.11 

— 

— 

6A-14 

■o^yn 




11,000 

■eSZjM 

mxrvmm 

Bun 

ROOM 

HQQH 

■ESM 

BEHm 

■uSH 

DELAMINATION 


- 

— 

— 

- 

— 

-320 

(78) 


42.7 

(294) 

1931 

0.470 

(11.94) 

1.680 

(42,7) 

52.8 

(58.M 

3Z9 

(36.2) 

0.677 

6A-15 

niM*» 

HIbuH 

njlftin 



15,000 

Bfci£M 

■ESZnl 

— .ill 

ROOM 


BESfl 

■BEh 

DELAMINATION 


— 

- 

— 

— 

- 

-320 

(78) 

— 

Wb 

(321) 

1067 

DELAM. 

1.730 

<43.9) 

— 

358 

(39.31 

0.737 

6A-16 

ntEFn 

jnjjTjTn 

■nm 



16,000 

mu 

■U1.M 

ROOM 

47.7 

(329) 

mmm 

DELAMINATION 


- 

— 

— 

— 

— 

(78) 

61.2 

(422) 

— 

— 

DELAMINATION 

47.1 

— 

— 

6A-17 

■BlSn 




14,000 




47.5 

(328) 

BEgj» 

DELAMINATION 


320 

(78) 

57.9 

(399) 

44.5 

{48,91 „ 

GROWTH ON 
SIDES 

3373 

(78) 

— 

42.5 

(293) 

2101 

0.425 

(10.80) 

1.700 

(43.2) 

49.7 

(54.6) 

32.7 

(35.9) 

0.673 

6A-26 


5.001 

1127) 



16,000 

■SfTJn 

kh 

m 


maom 

■e n 


DELAMINATION 


Q20 

781 

58.7 

(405) 

45.2 
148,7] . 

GROWTH ON 
SIDES 

(78) 

— 

46.2 

(3191 

889 

OTTO 

(10.41) 

1 M 

(36.8) 

50.2 

(55.2) 

35. b 
(39.0) 

0.731 

6A-19 

■PH 

ifr:n 

■ton 



13,000 

njQgn 

ntSsn 

— 


m 

■gin 

■m 

DELAMINATION 





— 

— 

-423 

(20) 

66.1 

(456) 


— 

DELAMINATION 

50.5 

(55.5) 

— 

— 

6 A* 20 

■KBS 

Tula 

KfTTn 

■ 


13,000 

naEsn 

MllrkUM 

mm 

ROOM 


m 

DELAMI NATION 



— 

— 

— 

— 

^473 

(20) 

— 

51.7 

(356) 

32B 

@ 

1.12 

(28.41 

— 

39.6 

(43.5) 

0.799 

6A-21 

■jgn i 
Blf 

5.000 

(127) 



16,000 

Bl« 

nHEZJn 


ROOM 

Kjong 

Hn 

■as 

DELAMINATION 


I" 

— 

— 

— 

— 

=477 

(20) 

— 

47.0 

m g 

811 


1.10 

_12LS1 

— 

36.2 

(39.8) 

0.730 

6A-22 


Hlml 



15,500 

■mil 

0.830 

(21.1) 

ROOM 

B^S^B 

m 

OELAMINATION 


1423 

(20) 

55.0 

(379) 

42.1 

u&ai— 

DELAMINATION 

-423 

(201 

65.8 

(4541, 


— 

DELAMINATION 

r s 57 
I&&.4L- 

— 

— 

6A-23 

■ms 

BE&EjB 

■RS 

|| 

t 

12,000 

0.220 

(5.59) 

0.830 

(21.1) 

ROOM 


HESH 

RHw 

DELAMI NATION 


423 

(20) _ 

54.8 

(378) 

41.9 

(46.0) 

DELAMINATION 

-423 

(20) 

— 

50.6 

(349) 

481 


1.20 

(30.5) 

— 

38.7 

. <<P 

0.780 

6A-24 

0.600 

05.2) 

5.001 

(127) 

119 

12,000 


BH 

IK3E9I 

ROOM 

47.7 
i (329) 

36.6 

(40.2) 

DELAMINATION 


423 

(20) 

55. 1 
1380) 

42.3 

(46.5) 

DELAMI NATION 

-423 

(20) 

— 

46.7 

(322) 

887 

0.425 

(10.80) 

1.55 

(31.8) 

47.8 

(52.5) 

36.7 

(40.3) 

0.740 


= OR GASFS 

OP DPI AMI 

NATIONS L 

AST MEASli 

RED FLAW 

1 1 MFNSIONS 

ARE USED 

FOR K i Ah 

395 

(? -32 

JD Ki CAI r.UI ATIONS 

CYI 

0°1- 

[les 

f(78 u K) 

AFTEF 

PRELOAD @ R.T. 

1b 

SSSSS ' V ^ FINAL AFTER 
CYCLES <5> -320 c 

/ — EDM 

/ / — J PRECRAC 

K 

A-17 

AFTER 2101 CYCLES 

@ -320°F (78°K) 

AFTER 1118 CYCLES 

@ -320° F (78°K) 

- - , 2 "i cr - 

** K| - CALCULATED FROM MAX CYCLIC STRESS ANO LAST MEASURABLE FLAW DIMENSIONS {a y 2c 1 ; 0 R a 2 , 2c 2 l 
*** AV. K,^ @ R.T. - 40.2 KSI y/m, (44.2 MN/m 3/2 J FROM STATIC TESTS; AV K [C <y>-320°F (78°K) - 48.6 KSI V /Tfj. |53.4 MN/m 3/2 > 
FROM STATIC AND CYCLIC TESTS; K, c = 49.6 KSI ^/IN. (54.5 MN/m 3/2 } FROM STATIC AND CYCLIC TEST @ -423°F <20°K) 

@ NOT CLEAR LY DETECTABLE. 




EDM 'X N, 

PRECRACK 

/Rafter preloads^^ 

067 RT & _320°F ,(78°K) 

F (78°K) | 


I 1 


207 


FRAME I 
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Table 5~4: Fracture Toughness Data For 6AI-4V ^STA Titanium 



SPECIMEN | 

FATIGUE CRACK EXTENSION 
AT ROOM TEMP. 

FRACTURE TEST RESULTS 


IDENTIFICATION 

THICKNESS, t 
INCH (mml 

WIDTH, W 
INCH (mm) 

MAXIMUM FATIGUE 

STRESS 

KSI (MN/m 2 ) 

STRESS RATIO, R 
< a MIN /(7 MAX> 

TOTAL NUMBER 
OF CYCLES, N 

FLAW DEPTH, a 
INCH (mm) 

FLAW LENGTH, 2c 
INCH (mm) 

TEMPERATURE 
°F (°K) 

ENVIRONMENT 

GROSS AREA 
STRESS, Oq 

KSI (MN/m 2 ) 

CO 

4 

CO 

L. 

CM 

CO 

E 

* 5 

if 

CO 
















6BTR 

0*301 

1.998 

30.0 

0.25 

3000 

0.143 

0.595 

72 

AIR 

87.8 

55.3 


ro 

-1 

(7.65) 

(50.7) 

(207) 



(3.63) 

(15.1) 

(295) 


(605) 

(60.8) 

cc n 

O 














l_o 

6BTR 

0.301 

1.998 

30.0 

0.25 

3000 

0.134 

0.591 

72 

AIR 

94.3 

58.5 



-2 

(7.65) 

(50.7) 

(207) 



(3.40) 

(15.0) 

(295) 


(650) 

(64.3) 



6BTN 

0.20’ 

1.201 

35.0 

0.50 

12,000 

0.084 

0.352 

-320 

ln 9 

116.2 

55.4 



-1 

(5.11) 

(30.5) 

(241) 



(2.13) 

(8.94) 

(78) 


(801) 

(60.9) 

Ml 
















6BTN 

0.204 

1.199 

35.0 

0.50 

13,000 

0.091 

0.362 

-320 

1 

102.7 

50.2 



-2 

(5.18) 

(30.5) 

(241) 



(2.31) 

(9.19) 

(78) 

mim 

(708) 

(55.2) 

■■ 


6BTH 

0.203 

1*199 

35.0 


mg 

0.050 

0.220 

-423 

LHo 





-1 

. 

(5.16) 

(30.5) 

(241) 


HH 

(1.27) 

(5.59) 

(20) 




44.9 














(49.3) 


6BTH 

0.1 98 

1.199 

35.0 

0*50 

18,000 

0.047 

0.215 

-423 

LHo 

127.9 

45.9 



-2 

i 

(5.03) 

— 

(30.5) 

(241) 


i 

(1.19) 

(5.46) 

(20) 


(882) 

(50.4) 





























































FIGURE 5-5 PROOF TEST TEMPERATURE EFFECTS ON THE FLAW GROWTH CHARACTERISTICS OF6AI-4V-0STA TITANIUM 
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Tab/e 6-1: Test Program for Evaluating Effects of Combined Modes /-// Loading On Fracture in 4340 Steel 


SPECIMEN 

CONFIGURATION 

TEST 

TEMP. 

CRACK 

TYPE 

TEST VARIABLES 

LOADING 

2a/W 

^DEGREES 

(RADIANS) 

NO. OF 
TESTS 

FIGURE 6-3 

-200 F 
( 144K) 

GN2 

ENVIRONMENT 

INCLINED 

CENTER 

CRACK 

UNIFORM 

TENSION 

0.5 

0 

(0.0) 

2 

25 

(0.44) 

2 


2 


2 

FIGURE 6-4 

ROOM 

TEMP 

THROUGH 

CRACKED 

TUBE 

PURE 

TORSION 

— 


2 











Table 6-2: Test Program for Evaluating Combined Modes /-/// Loading Effects On Fracture in 4340 Steel 


SPECIMEN 

TEST 

CRACK 

TEST VARIABLES 

CONFIGURATION 

TEMP. 

TYPE 

LOADING 

d/D 

K l /K l II 

NO. OF 
TESTS 




TENSION 


1:0 

2 


n c 

CIRCUMFER- 

TENSION 

AND 

TORSION - 

0.5 ~ 0.6 

2:1 

2 

FIGURE 6-5 


ENTIAL 

CRACK 

1:1 

2 






1:2 

2 




TORSION | 


0:1 

2 










Table 6-3 Test Program for Evaluating Combined Modes Til-Ill Loading Effects On Fracture in 4340 Steel 
With Surface Flawed Flat Specimens 


SPECIMEN 

CONFIGURATION 

TEST 

TEMP, 

CRACK 

TYPE 

TEST VARIABLES 

LOADING 

a/t 

a/2c 

^DEGREES 

(RADIANS) 

NO. OF 
SPECIMENS 

FIGURE 6-6 

-200 F 
( 144K) 

GN2 

ENVIRONMENT 

SURFACE 
FLAW IN 
A FLAT 
PLATE 

TENSION 

0.5-0.6 

0,25 

0 

(0.0) 

2 

25 

( 0 . 44 ) 

2 

45 

(0.79) 

2 

60 

(1.05) 

2 








Table 6-4: Test Program for Evaluating Combined Modes I -I I -III L oading Effects On Fracture in 4340 Steel 
With Surface Flawed Round Specimens 


SPECIMEN 

TEST 

CRACK 

TEST VARIABLES 

CONFIGURATION 

TEMP. 

TYPE 

LOADING 

a/D 

a/2C 

^TENSION 

t SHEAR 

NO. OF 
TESTS 




TENSION 




1:0 

3 

FIGURE 6-7 

72 F 

SURFACE 

Cl a\a/ im 

TENSION 




1:1 

2 

(295K) 

r LAW IN 
A ROUND 
SPECIMEN 

AND 

TORSION 

0.3 


0.4 

1:2 

2 








T.3 

2 




TORSION 




0:1 

1 










Table 6-5: Static Fracture Toughness Test Results for 4340 Steel for Various Crack Propagation Directions 


czz 

SPECIMEN 

ENVIRONMENT 

1 

CRACK LENGTH 
2c (2a), IN. (mm) 

GROSS FRACTURE 

STRESS 

O, KSI (MN/m 2 ) 

CN 

E 

in 8 1 

DC LU O ^ 

D 2 ^ 1 ■ 
h I ^ 2 

u O oc Lr 
<3° > 

O uj — 

LL L- — C/D 

UJ 

<r _ 

D cnj 

1“ ro 

3 1 

* W O i 

UJ UJ — * — 
O Z * z 

< X cr 

0C CD O > 

UJ ”5 

“ LU — 

> O — to 

< h ^ v: 

IDENTIFICATION 

CONFIGURATION 

CRACK 

PROPAGATION 

DIRECTION 

THICKNESS 
t, IN. (mm) ; 

WIDTH 
W, IN. (mm) 

2 

Q 

UJ 

2 

— : 

TEMPERATURE 
°F (°K) 

CRACK DEPTH 
a, IN. (mm) 

3RSF-1 

SURFACE FLAW 
FIG. 6-21 

LS 

0.2510 

(6.38) 

1.8023 

(45.8) 

AIR 

RT 

0.123 

(3.12) 

0.482 

(12.2) 

124.7 

(860) 

71.5 

(78.6) 

72.2 

(79.3) 

3RSF-2 

SURFACE FLAW 
FIG. 6-21 

LS 

0.2510 

(6.38) 

1 .8029 
(45.8) 

AIR 

RT 

0.138 

(3.51) 

0.490 

(12.4) 

125.3 

(864) 

73.7 

(81.0) 

3RSF-5 

SURFACE FLAW 
FIG. 6-6 

LS 

0.2496 

(6.34) 

2.0089 

(51.0) 

AIR 

RT 

0.130 

(3.30) 

0.510 

(13.0) 

120.0 

(827) 

71.3 

(78.4) 

3RCC-1 

CENTER CRACK 
FIG. 6-21 

LT 

— 

0.2505 

(6.36) 

1.5011 

(38.1) 

AIR 

RT 

— 

0.760 

(19.3) 

59.8 

(412) 

77.3 

(85.0) 


3RCC-2 

CENTER CRACK 
FIG. 6-21 


0.2510 

(6.38) 

1.5005 

(38.1) 


RT 

— 

0.770 

(19.6) 

53.4 

(368) 

70.5 

(77.5) 

3LSF-1 

SURFACE FLAW 
FIG. 6-6 

n 

0.2480 

(6.30) 

2.0026 

(50.9) 


-200 

(144) 

0.140 

(3.56) 

0.605 

(15.4) 

59.8 

(412) 

37.0 

(40.7) 

40,1 
<44.1 > 

3LSF-2 

SURFACE FLAW 
FIG. 6-6 

n 

0.2521 

(6.40) 

2.0020 

(50.9) 

■ 

i 

■ 

1 

0.140 

(3.56) 

0.590 

(15.0) 

70.2 

(484) 

— 

3TSF-1 


TS 

0.2523 

(6.41) 

2.0032 

(50.9) 

■ 

■ 

■ 

■ 

0.136 

(3,45) 

0.595 

(15.1) 

65.3 

(450) 

| 

40.6 

(44.6) 

3TSF-2 


TS 

0.2446 

(6.21) 

2.0036 

(50.9) 

■ 

■ 

■ 

■ 

0.120 

(3.05) 

0.510 

(13.0) 

72.4 

(499) 

41.4 

(45.5) 

3LCC-1 

| 

LT 

— 

0.2532 

(6.43) 

1.4957 

(38.0) 

■ 

■ 

I 

1 

— 

0.748 

(19.0) 

33.0 

(228) 

mam 

41.6 

(45.7) 

3LCC-2 

CENTER CRACK 
FIG. 6-3 

LT 

0.2560 
! (6.50) 

1.5012 

(38.1) 

m 

-200 

(144) 

— 

0.760 

(19.3) 

31.4 

(217) 

40.8 

(44.8) 





























































Table 6-6: Static Fracture Test Data from Combined Mode /•// Inclined Center Cracked Specimens of 4340 Steel 




SPEC! ME 

N 

- 

PRECRACKING AT 72 F (295K) 

FRACTURE TESTS & RESULTS AT-200 F(144K) 

NUMBER 

THICKNESS, t 
IN. (mm) 

WIDTH, W 
IN. (mm) 

MACHINED 
NOTCH LENGTH 
IN. (mm) 

ANGLE, 0 
(FIG. 6-3) 

DEGREE (RADIAN) 

MAX. FATIGUE 

STRESS 

KSI (MN/m 2 ) 

STRESS RATIO, R 
(a MIN /a MAX> 

TOTAL NUMBER 
OF CYCLES 

CRACK LENGTH, 
2a, IN. (mm) 

GROSS FRACTURE 
STRESS, o 
KSI (MN/m 2 ) 

CN 

CO 

co E 

SE > s 
2* e 

LU 2 V 

Q UJ ^ 

o ^ co 

CM 

CO 

to C 

W I ^ 

tt* ! 

= 55 1? 

LU 2 S. 
Q UJ ? 

o \z 55 

3LCC-1 

0.253 

(6.43) 

1.500 

(38.1) 

0.50 

(12.7) 

0 

(0.0) 

25.0 

(172) 

0.7 

40,000 

.748 

(19.0) 

33.0 

(228) 

42.5 

(46.7) 

0.0 

3LCC-2 

0.256 

(6.50) 




0 

(0.0) 

35.0 

(241) 

0.5 

34,000 

.760 

(19.3) 

31.4 

(217) 


0.0 

3LCC-3 

0.256 

(6.50) 

1.497 

(38.0) 




25.0 

(172) 

0.4 

32,000 

.700 

(17.8) 

30.5 

(210) 


12.8 

(14.1) 

3LCC-4 


1.498 

(38.0) 



25 

(0.44) 

30.0 

(207) 

0.3 

25,000 


27.5 

(190) 


12.2 

(13.4) 

3LCC-5 


1.502 

(38.1) 



• 50 
(0.87) 



28,000 

B 



wgxmm 

3LCC-6 


1.501 

(38.1) 



50 

(0.87) 

20.0 

(138) 


38,500 

.630 

(16.0) 

38.2 

(263) 

18.0 

(19.8) 


3LCC-7 

0.254 

(6.45) 

1.500 

(38.1) 



75 

(1.31) 

20.0 

(138) 


40,000 


110.1 

(759) 


■ 

■ 

3LCC-8 

0.256 

(6.50) 

1.472 

(37.4) 

0.50 

(12.7) 

75 

(1.31) 

20.0 

(138) 

0.27 

37,000 

.690 

(17.5) 

115.2 

(794) 

9.9 

(10.9) 

33.7 

(36.9) 











































Table 6 ‘ 7: Fracture Testm 9 of 4340 Steel Hollow Tubes Containing Through Cracks In Pure Torsion 



SPECIMEN 

1 — 

r—‘ — 

FATI 
AT R 

GUE CRACK EXTENSION 
OOM TEMPERATURE 

FRACTURE TEST RESULTS 

IDENTIFICATION 

TEST SECTION 
OUTSIDE DIAMETER 
d 0< INCH (mm) 

TEST SECTION 
INSIDE DIAMETER 
dj, INCH (mm) 

MAXIMUM CYCLIC 
STRESS, KSI (MN/m 2 ) 

STRESS RATIO 
(a MIN /a MAX* 

NUMBER OF CYCLES 

CRACK LENGTH 
2a, INCH (mm) 

_ 

LU 

DC 

3 

< 

0 C A 
LU v 

I 2 - 

LU LL 
H O 

— 

TEST 

ENVIRONMENT 

TORQUE AT 
FRACTURE, T F 
IN.-LB (JOULE) 

TORQUE AT 
POP-IN, Tp 
IN.-LB (JOULE) 

CM 

CO 

CO C 

CO | < 

lu h: 2 

DC < ^ 

W2Z \ 

QliiT ^ 

g 7 o CO 
2 ± a. * 

csT 

co O c 

co , = -E 

s ^ z 

h y UJ , — 

“tg b 

UJ 2 t > 

o £ < 

O ^ oc w 

S — LL ^ 

TUBE A 

0.903 

(22.9) 

0.706 

(17.9) 

20 

(138) 

0.06 

43,000 

0.280 

(7.11) 

72 

(295) 

AIR 



9375 

(1060) 

11,250 

(1270) 

u 

m 

TUBE B 

,0.900 

(22.9) 

0.710 

(18.0) 

20 

(138) 

0.06 

34,000 

0.292 

(7.42) 

72 

(295) 

AIR 

9200 

(1040) 

11,250 

(1270) 

■ 

82.4 

(90.6) 







Table 6-8: Fracture Data From Combined Mode /-/// Tests of Round Notched Bar Specimens of 4340 Steel 


SPECIMEN 


PRECRACKING AT 72 F (295K) 


FRACTURE RESULTS AT 72 F (295K) 

1 TT 1 T“ 


« o 

2 LU _ 
ID -) D 

% 

* i= < 

< < m 




5 t 

X 2 a 

° Q o 

cr 9 r- 

CL < F" 

^ o < 

< -J IX 


STRESS INTENSITY FACTORS CALCULATED FROM 
MIN DIAMETER AT CRACKED SECTION, d. 


* u — 
Dd Z 


^ ^ go 
d: O m 


cc . o 

3^3 

00“ 
< <r -H 
a: O ^ 
u- I— — 



Q Q 

O 

■■ • 




— u- 

5 O -0 


l_) 

s 



3RNB-2 

0.904 

(23.0) 

0.556 

(14.1) 

30.0 

(207) 

0.06 

11,000 

0.466 

(11.8) 

0.084 

(2.13) 

0.006 

(0.15) 

OO 

23,200 

(0.103) 

3RNB-10 

! 0.903 
(22.9) 

0.554 

(14.1) 

A 

k 

A 

k 

8,000 

0.538 

(13.7) 

0.010 

(0.25) 

0.006 

(0.15) 

OO 

32,600 

(0.145) 

3RNB-6 

0.901 

(22.9) 

0.567 

(14.4) 





17,000 

0.535 

(13.6) 

0.024 

(0.61) 

0.006 

(0.15) 

0.075 

32,000 

(0.142) 

3RNB-11 

0.902 

(22.9) 

0.556 

(14.1) 





12,000 

0.524 

(13.3) 

0.030 

(0.76) 

0.002 

(0.05) 

0.075 

25,900 

(0.115) 

3RNB-12 

0.902 

(22.9) 

0.552 

(14.0) 





9,000 

0.524 

(13.3) 

0.024 

(0.61) 

0.004 

(0.10) 

0.15 

25,000 

(0.111) 

3RNB-8 

0.901 

(22.9) 

0.564 

(14.3) 





9,000 

0.542 

(13.8) 

0.020 

(0.51) 

0.002 

(0.05) 

0.15 

33,700 

(0.150) 

3RNB-7 

0.902 

(22.9) 

0.552 

(14.0) 





16,000 

0.512 

(13.0) 

0.032 

(0.81) 

0.008 

(0.201 

0.30 

16,600 

(0.074) 

3RNB-9 

0.902 

(22.9) 

0.551 

(14.0) 

1 





11,000 

0.533 

(13.5) 

0.012 

(0.30) 

0.006 

(0.15) 

0.30 

19,980 

(0.089) 

3RNB-5 

0.902 

(22.9) 

0.548 

(13.9) 


r 

y 

r 

6,000 

0.510 

(13.0) 

1 0.030 
(0.76) 

0.008 

(0.20) 

0 

— 

3RNB-3 

0.901 

(22.9) 

0.552 

(14.0) 

30.0 

(207) 

0.06 

8,000 

0.498 

(12.6) 

r 0.050 
; (1.27) 

0.004 

(0.10) 

0 

— 


£} “ E 

t H i 
±02 
> < “ 
✓ |2 

LU H > 

CC < — 
l— — CO 
CO ^ * 


1 

55.8 

(61.3) 

— 

— 

61.3 

(67.3) 

— 

2260 

61.1 

25.0 

(255) 

(67.2) 

(27.5) 

1895 

61.1 

22.1 

(214) 

(56.1) 

(24.3) 

3585 

49.7 

41.8 

(405) 

(54.6) 

(45.9) 

4770 

62.3 

51.2 

(539) 

(68.4) 

(56.3) 

4860 

34.0 

60.1 

(549) 

(37.3) 

(66.0) 

5400 

38.1 

60.4 

(610) 

(41.8) 

(66.3) 

5480 

— 

68.4 

(619) 


( 79.1 ) 

5460 

— 

72.3 

(617) 


(79.5) 



FATIGUE CRACK 




Table 6-9: Fracture Data From Combined Mode /-//•/// Tests of 4340 Steel Flat Specimens Containing Inclined Surface Flaws 


SPECIMEN 

PRECRACKING AT 72 F (295K) 

FRACTURE TESTS & RESULTS AT -200 F (144K) 

IDENTIFICATION 

THICKNESS, t 
IN. (mm) 

WIDTH, W 
IN. (mm) 

ANGLE, 0 
(FIG. 6-6) 

DEGREES (RADIAN) 

MAX FATIGUE STRESS 
KSI (MN/m 2 ) 

STRESS RATIO 
^MIN^MAX* 

NUMBER OF 
CYCLES 

— 

X 

h- 

llJ E 
O E 

_j — 

LL co 

FLAW LENGTH 
2c, IN. (mm) 

GROSS FRACTURE 
STRESS, a 
KSI (MN/m 2 ) 

STRESS INTENSITY 
K| AT A, K 1 1 A 

KSI x/IhL (MN/m 2 ) 

>- CJ 

Sss 

1 

1 j i 

UJ < > 

CO — ^ 

— 00 
00 ^ ^ 

> ™ 

L co 

oo E 

z ^ 

ljj co z: 

h - x: s 
2 r 

8“ 1 
LU H > 

o: < — 
— oo 
00 ^ * 

> £* 

fc m 

w „ E 

2 CO ^ 

w — i 
z* - 

00 H \ 

LU < f> 

a: _ - 

3LSF-1 

0.248 

(6.30) 

2.005 

(50.9) 

0 

(0.0) 

30.0 

(207) 

0.30 

8000 

0.140 

(3.56) 

0.605 

(15.4) 

59,8 1 

(412) 

37,0 

(40.6) 

0.0 

25.4 

(27.9) 

0.0 

3LSF-2 

0.252 

(6.40) 

2.002 

(50.9) 

0 

(0-0) 



0.30 

7000 

0.140 

(3.56) 

0.590 

(15.0) 

70.2 

(484) 

43.2 

(47.4) 

0.0 

30.0 

(32.9) 

0.0 


0.260 

(6.60) 

2.003 

(50.9) 

25 

(0.44) 



0.23 

21,000 

0.144 

(3.66) 

0.590 

(15.0) 

75.6 

(521) 

38.3 

(42.1) 

■ 

27.0 

(29.6) 

15.2 

(16.6) 


0.259 

(6.58) 

2.003 

(50.9) 

26 

(0.45) 



0.20 

2500 

0.187 

(4.75) 

0.650 

(16.5) 

70.1 

(483) 

38.4 

(42,1) 


IBH 



0.254 

(6.45) 

2.002 

(50.8) 




0.15 

1500 

0.148 

(3.76) 

0.600 

(15.2) 

120.2 

(829) 

38.5 

(42.3) 

30.1 

(33.0) 


■ 

■ ' i 


0.254 

(6.45) 

1.998 

(50.8) 




0.15 

2000 

0.142 

(3.61) 



34.1 

(37.4) 

27.1 

(29.7) 

23.9 

(26.2) 

■ ■ 

3LSF-7 

0.258 

(6.55) 

2.000 

(50.8) 

mm 



0.18 

3000 

0.150* 

(3.81) 

0.600* 

(15.2) 

157.0 

(1083) 

23.2* 

(25.4) 

33.1* 

(36.3) 

16-4* 

(18.0) 

35.0* 

(38.4) 

3LSF-8 

0.253 

<6.43) 

2.001 

(50.8) 

60 

(1.05) 

30.0 

(207) 

0.18 

4000 

0.150* 

(3.81) 


173.6 

(1197) 

28.4* 

(31.2) 

37.7* 
(41 .4) 

20.1* 

(22.1) 

40.0* 

(44.0) 



FRACTURE DID NOT OCCUR ALONG THE FLAW PLANE. 
FLAW DIMENSIONS ARE ESTIMATED. 









































Table 6-10: Test Results Obtained from Surface Flawed Cylindrical Specimens of 4340 Steel Subjected 
to Combined Tension and Torsion 


SPECIMEN 


FATIGUE CRACK EXTENSION 
AT ROOM TEMPERATURE 



Z 

CO 

CO 

o 

IDENTIFI- 

CATION 

— E 
l-C c 
O lu £ 
LU H r 

00 LU X 

»- 5 z 

co < £ 

LU 

ite.t 

I§i 

x dr 

< 5 

cc < 
£ * 


LU — 

h- Q -o 

< > CO 

5 o ^ 

co tF 


3RSFB-1 

0.703 

(17.9) 

30.0 

(207) 

0.40 


3RSFB-2 


3RSFB-4 


3RSFB-1 1 


3RSFB-7 


3RSFB-12 


3RSFB-3 


3RSFB-6 


3RSFB-5 


3RSFB-8 


m w 
“J LU o 

2? — i o 
S <j o 
3 

z u x 


0.701 

(17.8) 


0.703 

(17.9) 


0.701 

(17.8) 


0.701 

(17.8) 




o 

< £_ z 

_| QJ - 
Ul Q nT 


0.244 

( 6 . 20 ) 


0.222 

(5.64) 


0.248 

(6.30) 


fc £5 

5 o z 
< z - 




0.562 

(14.27) 



FRACTURE TEST 
RESULTS 











ui - I- 2 

CC — 

_j LU < v 
— QC LU 

<1—1 ''ll. 
u-ww i. 


149.1 

(1028) 


69.3 

(478) 


67.4 

(465) 


111.9 

(772) 


112.5 

(776) 


130.9 

(903) 


99.6 

(687) 


FAILURE STRESS ADJUSTED 
FOR FLAW DEPTH" 
a = 0.240 IN. (6.10 mm) 











142.8 

(985) 


62.0 

(427) 


63.0 

(434) 


112.8 

(778) 


108.2 

(746) 


133.1 

(918) 


107.6 

(742) 











































































Table 7- 1: Test Program for Static Fracture Specimens at Room Temperature Under Combined Tension and Shear Stresses 


MATERIAL 

SPECIMEN 
AND FLAW 
CONFIGU- 
RATION 

FLAW 
DEPTH, a 
IN. (mm) 

FLAW 

LENGTH, 2c 
IN. (mm) 


NUMBEF 

OF STATIC FRACTURE TESTS IN 

TENSION 

ALONE 

TORQUE 

ALONE 

TENSION 
FIRST AND 
TORQUED TO 
FRACTURE 

TORQUE FIRST 
AND FAILED 
INTENSION 

SIMULTANEOUS 
TENSION 
AND TORSION 
APPLIED 

2219-T87 

ALUMINUM 

FIGURE 7-1 

0.44 

(11.2) 

1.15 

(29.2) 

3 

1 

4 

4 

— 

0.30 

(7.6) 

0.98 

(24.9) 

3 

— 

4 

5 

— 

0.26 

(6.6) 

0.75 

(19.0) 

1 

— 

1 

1 

1 

6AI-4V j3STA 
TITANIUM 

FIGURE 7-3 

0.28 
( 7,1 ) 

0.78 

(17.3) 

3 

1 

5 

4 

1 

0.19 

(4.8) 

0.61 

(15.5) 

3 

1 

L 

4 

5 

1 




Table 7-2: Test Program for Cyclic Specimens at Room Temperature 
Subjected to Combined Tension and Shear Stresses 


MATERIAL 

SPECIMEN 
AND FLAW 
CONFIGU- 
RATION 

FLAW 
DEPTH, a 
IN. (mm) 

FLAW 

LENGTH, 2c 
IN. (mm) 

a TENSION 

T SHEAR 

NUMBER 
OF TESTS 

2219-T87 

ALUMINUM 

FIGURE 7-1 

0.29 

(7.4) 

0.95 

(24.1) 

1:0 

1:1 

0:1 

3 

5 

1 

0.42 

(10.7) 

1.11 

(28.2) 

1:0 

1:1 

0:1 

3 

4 
2 

6AI-4V jSSTA 
TITANIUM 

FIGURE 7-4 

0.19 

(4.8) 

0.50 

(12.7) 

1:0 

2:1 

1:1 

0:1 

3 

2 

3 

1 

0.28 

(7.1) 

0.70 

(17.8) 

1:0 

2:1 

1:1 

0:1 

3 

2 

3 

1 











Table 7-3: Results for Fracture Tests of 2219 - T87 Aluminum Surface Flawed Cylindrical Specimens Subjected 
to Combined Tension and Torsion 


SPEC 

IMEN 

PRECRACKING AT ROOM TEMP. 

FRACTURE TEST RESULTS 
AT ROOM TEMP. 

IDENTIFICATION 

TEST SECTION 
DIAMETER, d 
IN. (mm) 

MAX CYCLIC STRESS 
KSI (MN/m 2 ) 

STRESS RATIO, R 
<a MIN /a MAX ) 

NUMBER OF 
CYCLES 

FLAW DEPTH, a 
IN. (mm) 

FLAW LENGTH, 2c 
IN. (mm) 

LOADING SEQUENCE 
FOR TEST * 

FAILURE STRESS IN 
TENSION, Op 
KSI (MN/m 2 ) 

FAILURE STRESS IN 
TORSION, r F 
KSI (MN/m 2 ) 

2AI-1 

1.747 

(44.4) 

8.0 

(55.2) 

0.2 

12,000 

0.425 

(10.8) 

1.190 

(30.2) 

P 

25.9 

(179) 

— 

2AI-2 

1.752 

(44.5) 

4 

k 

0.2 

13,000 

0.430 

(10.9) 

1.200 

(30.5) 

P 

26.8 

(185) 

— 

1 AI-3 

1.499 

(38.1) 



0.3 

7,000 

0.420 

(10.7) 

1.130 

(28.7) 

T-P 

27.5 

(190) 

30.2 

(208) 

1AI-4 

1.499 

(38.1) 



1 

k 

22,000 

0.430 

(10.9) 

1.130 

(28.7) 

P-T 

22.7 

(157) 

28.0 

(193) 

1AI-5 

1.500 

(38.1) 





30,000 

0.440 

(11.2) 

1.140 

(29.0) 

P-T 

28.3 

(195) 

16.9 

(117) 

1AI-6 

1.500 

(38.1) 





32,000 

0.470 

(11.9) 

1.170 

(29.7) 

P 

28.3 

(195) 


1AI-7 

1.498 

(38.0) 





32,000 

0.440 

(11.2) 

1.130 

(28.7) 

P-T 

22.7 

(157) 

27.6 

(190) 

1AI-8 

1.501 

(38.1) 





10,000 

0.425 

(10.8) 

1.120 

(28.4) 

T-P 

26.7 

(184) 

16.7 

(115) 

1 AI-9 

1.503 

(38.2) 





12,500 

0.430 

(10.9) 

1.120 

(28.4) 

T-P 

25.5 

(176) 

30.1 

(208) 1 

1AI-10 

1.502 

(38.2) 





14,000 

0.435 

(11.0) 

1.130 

(28.7) 

T 

— 

36.1 

(249) 

1AI-11 

1.501 

(38.1) 

r 

r 


r 

13,000 

0.430 

(10.9) 

1.120 

(28.4) 

T-P 

26.0 

(179) 

16.6 

(114) 

1 AI-12 

1.500 

(38.1) 

8.0 

(55.2) 

0.3 

12,000 

0.430 

(10.9) 

1.120 

(28.4) 

P-T 

23.2 

(160) 

i 21.1 

! (145) 

i 


* P-T = TENSION APPLIED FIRST, THEN TORQUED TO FAILURE 

T-P = TORQUE APPLIED FIRST, THEN LOADED TO FAILURE INTENSION 
S = TENSION AND TORSION APPLIED SIMULTANEOUSLY 




hO 

ho 

ON 


Table 7-4: Results for Fracture Tests of 2219-T87 Aluminum Surface Flawed Cylindrical Specimens Subjected 
to Combined Tension and Torsion 


SPECI 

MEN 



PRECRACKING AT ROOM TEMP 

FRACTURE TEST RESULTS I 

AT ROOM TEMP. | 

IDENTIFICATION 

TEST SECTION 
DIAMETER, d 
IN. (mm) 

MAX CYCLIC 
STRESS 
KSI (MN/m 2 ) 

STRESS RATIO, R 
<a MIN /a MAX ) 

NUMBER OF 
CYCLES 

FLAW DEPTH, a 
IN. (mm) 

O 

CM 

X 

1— 

z 

LU ^ 

- 1 E 
5 E 
< ~ 

u! S 

LOADING 
SEQUENCE 
FOR TEST * 

FAILURE STRESS 
IN' TENSION, Of 
KSI (MN/m 2 ) 

FAILURE STRESS 

IN TORSION, T F 
KSI (MN/m 2 ) 

1AM 

1.751 

(44.5) 

8.0 

(55.2) 

0.2 

22,000 

0.296 

(7.52) 

0.990 

(25.1) 

P 

36.7 

(253) 

- 

1AI-2 

1.751 

(44.5) 

10.0 

(69.0) 

A 


*16,000 

0.308 

(7.82) 

0.990 

(25.1) 

P 

34.6 

(238) 

- 

2AI-3 

1.501 

(38.1) 

8.0 

(55.2) 



12,000 

0.300 

(7.62) 

0.980 

(24.9) 

T-P 

29.6** 

(204) 

i5.r* 

(104) 

2 A 1-4 

1.501 

(38.1) 

J 

k 



10,000 

0.300 

(7.62) 

0.990 

(25.1) 

P 

41.3 

(285) 

- 

2AI-5 

1.503 

(38.2) 





11,000 

0.300 

(7.62) 

0.980 

(24.9) 

P-T 

31.0 

(214) 

30.0 

(207) 

2AI-6 

1.498 

(38.0) 




f 

12,000 

0.300 

(7.62) 

0.980 

(24.9) 

P-T 

31.2 

(215) 

32.2 

(222) 

2AI-7 

1.499 

{38.1) 



0.2 

1 2,000 

0.307 

(7.80) 

0.980 

(24.9) 

T-P 

35.6 

(245) 

30.3 

(209) 

2AI-8 

1.500 

(38.1) 



0,3 



30,000 

0.295 

(7.49) 

0.940 

(23.9) 

T-P 

36.8 

(254) 

15.7 

(108) 

2AI-9 

1.502 

(38.2) 



A 

k 

35,000 

0.300 

(7.62) 

0.960 

(24.4) 

T-P 

36.1 

(249) 

29.4 

(203) 

2AI-10 

1.503 

(38.2) 





45,000 

0.300 

(7.62) 

0.940 

(23.9) 

P 

32.6 

(225) 

— 

2AI-1 1 

1.498 

(38.0) 


f 

y 

t 

45,000 

0.295 

(7.49) 

0.945 

(24.0) 

T-P 

35.2 

(243) 

15.2 

(105) 

2AI-12 

1.497 

(38.0) 

8.0 

(55.2) 

0.3 

50,000 

0.305 

(7.75) 

0.945 

(24.0) 

P 

32.6 

(225) 



* P-T = TENSION APPLIED FIRST, THEN TORQUEO TO FAILURE 

T-P = TORQUE APPLIED FIRST, THEN LOADED TO FAILURE INTENSION 
S = TENSION AND TORSION APPLIED SIMULTANEOUSLY 


**TH IS SPECIMEN HAS GONE 
THROUGH COMPLEX LOAD 
HISTORY PREVIOUSLY 




Table 7-5: Results for Fracture Tests of 2219- T87 Aluminum Surface Flawed Cylindrical Specimens 
Subjected to Combined Tension and Torsion 


SPEC 

IMEN 


PRECRACKING AT ROOM TEMP. 

FRACTURE TEST RESULTS 
AT ROOM TEMP. 

IDENTIFICATION 

TEST SECTION 
DIAMETER, d 
IN. (mm) 

MAX CYCLIC STRESS 
KSI (MN/m 2 ) 

STRESS RATIO, R 
^MIN^MAX* 

NUMBER OF 
CYCLES 

FLAW DEPTH, a 
IN. (mm) 

FLAW LENGTH, 2c 
IN. (mm) 

LOADING SEQUENCE 
FOR TEST * 

FAILURE STRESS IN 
TENSION, o F 
KSI (MN/m 2 ) 

FAILURE STRESS IN 
TORSION, Tf 
KSI (MN/m 2 ) 

3AI-1 

1.503 

(38.2) 

10.0 

(69.0) 

0.25 

12,000 

0.270 

(6.86) 

0.750 

(19.1) 

P 

41.0 

(283) 

— 

3AI-2 

1.496 

(38.0) 

A 

k 

i 

L 

10,000 

0.265 

(6.73) 

0.760 

(19.3) 

P-T 

33.0 

(228) 

31.3 

(216) 

3AI-3 

1.501 

(38.1) 

y 

f 

1 

t 

11,000 

0.260 

(6.60) 

0.750 

(19.1) 

T-P 

36.2 

(250) 

31.3 ; 

(216) 

3AL4 

1.498 

(38.0) 

10.0 

0.25 

(69.0) 

12,000 

0.260 

(6.60) 

0.760 

(19.3) 

S 

34.6 

(239) 

29.6 

(204) 


P-T = TENSION APPLIED FIRST, THEN TORQUED TO FAILURE 
T-P = TORQUE APPLIED FIRST, THEN LOADED TO FAILURE IN TENSION 
S = TENSION AND TORSION APPLIED SIMULTANEOUSLY 




Table 76: Fracture Toughness Data of 1.00 Inch Thick 6A/-4V B-STA Titanium 


SPECIMEN 

Z 



o 

■»-* 


H 

< 

00 

CO -p 

LU C 

*1 

O 

LL 

z E 
^ — 

X — 
£ X 

h- 

Z 

O X 

X g 

Q o 

LU 

1- - 


O 







FATIGUE CRACK EXTENSION 
AT ROOM TEMP. 


in cn 
lu £ 

1 1 

< Co 

LI. 

X 

< 


FRACTURE TEST RESULTS 


< _ 5 E 

LU CN O 

< H i 

</> ’i), ? c iu u 

QC h co Grf > 

CO X <w ^ 

CC LU w 


4TFR-1 


4TFR-2 







































Table 7 - 7 ; Results for Fracture Tests of 6 A 1-4 V $-STA Titanium Surface Flawed Cylindrical Specimens 
Subjected to Combined Tension and Torsion 


SPECIMEN 

PRECRACKING AT ROOM TEMP. 

FRACTURE TEST RESULTS 
AT ROOM TEMP. 

IDENTIFICATION 

TEST SECTION 
DIAMETER, d 
IN. (mm) 

MAX CYCLIC 
STRESS 
KSI (MN/m 2 ) 

STRESS RATIO, R 
<a MIN /a MAX* 

NUMBER OF 
CYCLES 

FLAW DEPTH, a 
IN. (mm) 

FLAW LENGTH, 
2c 

IN. (mm) 

LOADING 
SEQUENCE 
FOR TEST * 

FAILURE 
STRESS IN 
TENSION, a F 
KSI (MN/m 2 ) 

FAILURE 
STRESS IN 
TORSION, r F 
KSI (MN/m 2 ) 

4TR-1 

0.916 

(23.3) 

31.5 

(217) 

0.2 

5400 

0.183 

(4.65) 

0.500 

(12.7) 

P 

1 17.5 
(810) 


4TR-2 

0.891 

(22.6) 

i 

k 

i 


3000 

0.187 

(4.75) 

0.600 

(15.2) 

P 

103.4 

(713) 

— 

4TR-3 

0.950 

(24.1) 





3500 

0.187 

(4.75) 

0.605 

(15.4) 

P-T 

72.8 

(502) 

85.5 

(590) 

4TR-4 

0.953 

(24.2) 





3000 

0.190 

(4.83) 

0.615 

(15.6) 

P-T 

82.7 

(570) 

50.7 

(350) 

4TR-5 

0.940 

(23.9) 





2000 

0.186 

(4.72) 

0.604 

(15.3) 

P 

96.7 

(667) 

— 

4TR 6 

0.951 

(24.2) 





2600 

0.196 

(4.98) 

0.615 

(15.6) 

P-T 

84.2 

(581) 

69.6 

(480) 

4TR-7 

0.953 

(24.2) 





2600 

0.194 

(4.93) 

0.618 

(15.7) 

T-P 

94.0 

(648) 

70.0 

(483) 

4TR-8 

0.951 

(24.2) 





4500 

0.190 

(4.83) 

0.616 

(15.6) 

T-P 

77.4 

(534) 

84.0 

(579) 

4TR-9 

0.952 

(24.2) 





2600 

0.188 

(4.78) 

0.610 

(15.5) 

P-T 

90.0 

(621) 

60.7 

(419) 

4TR-10 

0.950 

(24.1) 





3500 

0.204 

(5.18) 

0.618 

(15.7) 

T-P 

94.7 

(653) 

60.3 

(416) 

4TR-11 

0.952 

(24.2) 





3600 

0.200 

(5.08) 

0.612 

(15.5) 

T-P 

104.8 

(723) 

30.0 

(207) 

4TR-12 

0.953 

(24.2) 


r 

1 

r 

7000 

0.210 

(5.33) 

0.615 

(15.6) 

T 

— 

106.2 

(732) 

4TR-13 

0.949 

(24.1) 

31.5 

(217) 

0.2 

6000 

0.220 

(5.59) 

0.610 

(15.5) 

S 

94.8 

(654) 

41.8 

(288) 


* P-T = TENSION APPLIED FIRST, THEN TORQUED TO FAILURE 

T-P = TORQUE APPLIED FIRST, THEN LOADED TO FAILURE INTENSION 
S = TENSION AND TORSION APPLIED SIMULTANEOUSLY 




Table 7-8: Results for Fracture Tests of 6AI-4V fi-STA Titanium Surface Flawed Cylindrical Specimens 
Subjected to Combined Tension and Torsion 


SPEC 

MEN 

PRECRACKING AT ROOM TEMP. 

FRACTURE TEST RESULTS 
AT ROOM TEMP. 

i — 

IDENTI 

FICATION 

TEST SECTION 
DIAMETER, d 
IN. (mm) 

MAX CYCLIC 
STRESS 
KSI (MN/m 2 ) 

STRESS RATIO 
R 

(a MIN /a MAx' 

NUMBER OF 
CYCLES 

FLAW DEPTH 
a 

IN. (mm) 

FLAW LENGTH 
2c 

IN. (mm) 

LOADING 
SEQUENCE 
FOR TEST * 

FAILURE 
STRESS IN 
TENSION, o F 
KSI (MN/m 2 ) 

FAILURE 
STRESS IN 
TORSION, Tp 
KSI (MN/m 2 ) 

4TR-14 

0.954 

(24.2) 

25.0 

(172) 

0.25 

6000 

0,298 

(6.81) 

0.698 

(17.7) 

S 

26.4 

(182) 

88.0 

(607) 

4TR-15 

0.948 

(24.1) 

A 


A 

i 

4500 

0.280 

(7.11) 

0.680 

(17.3) 

P-T 

50.0 

(345) 

86.3 

(595) 

4TR-16 

0.952 

(24.2) 





5000 

0.304 

(7.72) 

0.720 

(18.3) 

T-P 

49.2 

(339) 

84.0 

(579) 

4TR-17 

0.950 

(24.1) 




f 

10,000 

0.304 

(7.72) 

0.688 

(17.5) 

P-T 

70.0 

(483) 

49.9 

(344) 

4TR-18 

0.946 

(24.0) 



0.25 

3500 

0.284 

(7.21) 

0.690 

(17.5) 

T-P 

76.8 

(530) 

59.8 

(412) 

4TR-19 

0.949 

(24.1) 



0.20 

3000 

0.264 

(6.71) 

0.667 

(16.9) 

P 

81.3 

(561) 

— 

4TR-20 

0.916 

(23.3) 



A 

L 

3000 

0.268 

(6.81) 

0.660 

(16.8) 

P 

81.3 

(561) 

- 

4TR-21 

0.886 

(22.5) 

: 


f 



4000 

0.268 

(6.81) 

0.672 

(17.1) 

P-T 

70.1 

(483) 

34.4 

(237) 

4TR-22 

0.920 

(23.4) 

25.0 

(172) 



3500 

0.270 

(6.86) 

0.665 

(16.9) 

P-T 

65.0 

(448) 

58.9 

(406) 

4TR-23 

0.950 

(24.1) 

31.5 

(217) 



2500 

0.288 

(7.32) 

0.665 

(16.9) 

P-T 

69.3 

(478) 

- 

4TR 24 

0.950 

(24.1) 

31.5 

(217) 


f 

3500 „ 

0.280 

(7.11) 

0.670 

(17.0) 

P-T 

60.0 

(414) 

75.3 

(519) 

4TR-25 

0.945 

(24.0) 

31.5 

(217) 

0.20 

3500 

6.294 

(7.47) 

0.680 

(17.3) 

T-P 

82.4 

(568) 

36.1 

(249) 

4TR-26 

0.951 

(24.2) 

25.0 

(172) 

0.25 

5000 

0.268 

(6.81) 

0.655 

(16.6) 

T-P 

81.6 

(563) 

35.0 

(241) 

4TR-27 

0.949 

(24.1) 

25.0 

(172) 

0.25 

6000 

0.300 

(7.62) 

0.682 

(17.3) 

T 

— 

95.4 

(658) 


* P-T = TENSION APPLIED FIRST, THEN TORQUED TO FAILURE 

T-P = TORQUE APPLIED FIRST, THEN LOADED TO FAILURE INTENSION 
S = TENSION AND TORSION APPLIED SIMULTANEOUSLY 




Table 7-9 : 




SPECIMEN 

IDENTIFICATION 

TEST SECTION 
DIAMETER, d 
IN. (mm) 

INITIAL FLAW 
DEPTH, a] 

IN. (mm) 

INITIAL FLAW 
LENGTH, 2 Cj 
IN. (mm) 

MAXIMUM CYCLIC 
TENSILE STRESS, a 
KSI (MN/m 2 ) 

MAXIMUM CYCLIC 
SHEAR STRESS, r 
KSI (MN/m 2 ) 

TENSION STRESS 
RATIO { <7 M | N /(7 MAX ) 

< 

2 

if) ^ 

if) s 

<1 
i < 
10 tc 

NUMBER OF APPLIED 
LOADING CYCLES, N 

FINAL FLAW 
DEPTH, a f 
IN. (mm) 

FINAL FLAW 
LENGTH, 2 c f 
IN. (mm) 

REMARKS 

BAM 

1.499 

{38.1) 

0.298 

(7.57) 

0.940 

(23.9) 

30.0 

(207) 


0.05 

0.0 

160 

0.435 

(11.0) 

0.980 

(24.9) 

T 

BA 1-2 

1.501 

(38.1) 

0.295 

(7.49) 

0.940 

(23.9) 

26.9 

(185) 

— 

3 

£ 

A 

k. 

172 

0.440 

(11.2) 

0.960 

(24.4) 

T 

5AI-3 

1.500 

(38.1) 

0.285 

(7.24) 

0.936 

(23.8) 

23.5 

(162) 

— 





2224 

0.522 

(13.3) 

1.135 

(28.8) 

T 

BA 1-4 

1.502 

(38.2) 

0.290 

(7.37) 

0.945 

(24.0) 

28.8 

(199) 

28.6 

(197) 





127 

0.335 

(8.51) 

1.110 

(27.9) 

F, DELAMINATION TYPE 
OF GROWTH 

BA 1-5 

1.502 

(38.2) 

0.290 

(7.37) 

0.950 

(24.1) 

■ 

Wmm 

25.6 

(177) 


■ 


1 


0.360 

(9.14) 

1.140 

(29.0) 

T, OUT OF PLANE GROWTH 

BA 1-6 

1.501 

(38.1) 

0.290 

(7.37) 

0.945 

(24.0) 

22.6 

(156) 

22.6 

(156) 


■ 


■ 

EM 

0.360 

(9.14) 

1.060 

(26.9) 

F, OUT OF PLANE GROWTH 




0.935 

(23.7) 




■ 


1 



1.095 

(27.8) 

F 



mmm 

0.940 

(23.9) 

■1139 



■ 


■ 

m» 


— 

F, 1 


1.500 

(38.1) 

0.295 

(7.49) 


H 



■ 


■ 

i— 

7533 


meem 

— 

T 

| 

iiliiMhH 

0.428 

(10.9) 

BlliiH 

■ 




■ 

■ 

27 

0.472 

(12.0) 

■ 

F 



0.420 

(10.7) 

1.105 

(28.1) 



E 

am 

£■ 

E 


569 

0.562 

(14.3) 

1.265 

(32.1) 

T 


T » TEST TERMINATED COUPLE OF CYCLES PRIOR TO FAILURE 
F = FAILURE OCCURED WHILE CYCLING THE SPECIMEN 
I = FLAW SIZE AT FAILURE COULD NOT BE SEEN DISTINCTLY 




























Table 7-9: (Continued) 


SPECIMEN 

IDENTIFICATION 

TEST SECTION 
DIAMETER, d 
IN. {MM) 

INITIAL FLAW 
1 DEPTH, a; 

IN. (MM) 

INITIAL FLAW 
LENGTH, 2c 
IN. (MM) 

MAXIMUM CYCLIC 
TENSILE STRESS, O 
Ksi (MN/m 2 ) 

MAXIMUM CYCLIC 
SHEAR STRESS, 
KSI (MN/m 2 ) 

X 

CO < 

w 5 

UJ o 

Z fc 
2o 

LU < 

he 

X 

< 

5 

a.-fc 

Hi Z 

£ i 

co CC 

NUMBER OF APPLIED 
LOADING CYCLES, N 

FINAL FLAW 
DEPTH, af 
IN. (MM) 

FINAL FLAW 
LENGTH, 2cx 
IN. (MM) T 

REMARKS 

5AI-12 

1.502 

(38.2) 

0.424 

(10.8) 

1.110 

(28.2) 

19.2 

(132) 

— 

B 


■ 

1 

924 

0.530 

(13.5) 

1.295 

(32.9) 

T 

5AI-13 

1.500 

(38.1) 

0.425 

(10.8) 

1.115 

(28.3) 

23.2 

(160) 

23.1 

(159) 




1 

6 

— 


F, 1 

5AI-14 

1.501 

(38.1) 

0.416 

(10.6) 

1.110 

(28.2) 

20.4 

(141) 

20.4 

(141) 




■ 

24 

0.435 

(11.0) 

1.160 

(29.5) 

F, 1 

5 A 1-15 

1.499 

(38.1) 

0.420 

(10.7) 

1.115 

(28.3) 

17.3 

(119) 

17.4 

(120) 




■ 

158 

0.460 

(11.7) 

1.170 

(29.7) 

F, 1 

5AI-16 

1.501 

(38.1) 

0.415 

(10.5) 

1.120 

(28.4) 

— 

23.0 

(159) 





7500 


1.370 

(34.8) 

T 

5AM 7 

1.503 

(38.2) 

0.420 

(10.7) 

1.115 

(28.3) 

— 


3 

l . 


1 

4879 

0.515 

(13.1) 

1.400 

(35.6) 

F 

5AI-18 

1.496 

(38.0) 

0.418 

(10.6) 

1.110 

(28.2) 

14.2 

(98) 

14.4 

(99) 

wm 



a 

2791 

0.770 

(19.61 

1.360 

(34.5) 

T, ONE SIDED OUT OF 
PLANE GROWTH 


T = TEST TERMINATED COUPLE OF CYCLES PRIOR TO FAILURE 
F = FAILURE OCCURRED WHILE CYCLING THE SPECIMEN 
I = FLAW SIZE AT FAILURE COULD NOT BE SEEN DISTINCTLY 












































Tabte 7- 10: Results For Fatigue Tests of 6AI-4V (3 ST A Titanium Surface Flawed Cylindrical Specimens 

Subjected to Combined Tension and Torsion Loadings 



T = TEST TERMINATED COUPLE OF CYCLES PRIOR TO FAILURE 
F = FAILURE OCCURRED WHILE CYCLING THE SPECIMEN 
I = FLAW SIZE AT FAILURE COULD NOT BE SEEN DISTINCTLY 









































Table 7-10: ( Continued ) 


SPECIMEN 

IDENTIFICATION 

TEST SECTION 
DIAMETER, d 
IN. (mm) 

INITIAL FLAW 
DEPTH, a| 

IN. (mm) 

INITIAL 

FLAW LENGTH, 2c. 
IN. (mm) 

MAXIMUM CYCLIC 
TENSILE STRESS, a 
KSI (MN/m 2 ) 

MAXIMUM CYCLIC 
SHEAR STRESS, r 
KSI (MN/m 2 ) 

X 

oo 5 
ft £ 

co 2 
2 £ 
— o 

CO = 

z 

UJ < 
H CC 

SHEAR STRESS 
RATIO (7 M in/t max ) 

NUMBER OF APPLIED 
LOADING CYCLES^ N 

FINAL FLAW 
DEPTH, a f 
IN. (mm) 

FINAL FLAW 
LENGTH, 2cf 
IN. (mm) 

REMARKS 

5TC-10 

0.949 

124.1) 

0.282 

(7.16) 

0.718 

(18.2) 

69.0 

(476) 

— 

0.05 

0.0 

30 

0.340 

(8.64) 

0.755 

(19.2) 

T 

5TC-1 1 

0.950 

(24.1) 

0.276 

(7.01) 

0.696 

(17.7) 

61.6 

(425) 

— 

A 

L 

A 


99 

0.384 

(9.75) 

0.748 

(19.0) 

T 

5TC 12 

0.950 

(24.1) 

0.280 

(7.11) 

0.702 

(17.8) 

54.0 

(372) 

— 





149 

0.394 

(10.0) 


T 

| 

0.945 

(24.0) 

0.280 

(7.11) 

0.702 

(17.8) 

59.4 

(410) 

59.4 

(410) 





86 

0.380 

(9.65) 

0.805 

(20.4) 

T 

5TC-14 

0.869 

(22.1) 

0.272 

(6.91) 

0.675 

(17.1) 

52.8 

(364) 

52.8 

(364) 





93 

0.374 

(9.50) 

0.790 

(20.1) 

T 

| 

0.951 

(24.2) 

0.276 

(7.01) 

0.705 

(17.9) 


1 ^ 1^91 





218 

— 

— 

F,l 

BTC- 16 

0.948 

(24.1) 

0.280 

(7.11) 



■ 





65 

0.372 

(9.45) 

0.795 

(20.2) 

T 

5TC17- 

0.951 

(24.2) 

0.286 

(7.26) 

0.702 

(17.8) 



■ 




159 

0.384 

(9.75) 

0.817 

(20.8) 

T 

5TC-18 

0.950 

(24.1) 

0.282 

(7.16) 

0.700 

(17.8) 

— 

60.0 

(414) 



3871 



F.l 


T = TEST TERMINATED COUPLE OF CYCLES PRIOR TO FAILURE 
F = FAILURE OCCURRED WHILE CYCLING THE SPECIMEN 
I = FLAW SIZE AT FAILURE COULD NOT BE SEEN DISTINCTLY. 







































Table 8-1: Notch Dimensions and Applied Loading for Photoelastic Test Specimens 


SPECIMEN 

TYPE 

OF 

NOTCH 

NOTCH * 

CUTTER 

RADIUS 

R c 

IN. (mm) 

l ^ — “ - ““ 

RANGE of MEASURED 
NOTCH ROOT RADIUS 

IN. (mm) 

APPL 

IED 

NUMBER 

DIAMETER, D 
IN. (MM) 

DEPTH 

a 

IN (mm) 

LENGTH 

2c 

IN (mm) 

LOAD 
Ibf (N) 

TORQUE 
IN-LB (JOULE) 

1 

2.50 

(63.5) 

SURFACE 

0.50 

(12.7) 

1.65 

(41.9) 

1.75 

(44.5) 

0.0006 - 0.0008 
(0.015 - 0.020) 

15.4 

(68.5) 

— 

2 

2.50 

(63.5) 

SURFACE 

0.50 

(12.7) 

1.65 

(41.9) 

1.75 

(44.5) 


— 

10.0 

(1.13) 

3 

2.50 

(63.5) 

SURFACE 

0.75 

(19.1) 

1.90 

(48.3) 

1.75 

(44.5) 

0.0004 

(0.010) 

11.9 

(52.9) 

— 

4 

2.50 

(63.5) 

SURFACE 

0.75 

(19.1) 

1.90 

(48.3) 

1.75 

(44.5) 

— 

— 

7.5 

(0.85) 

5 

1.50 

(38.1) 

SURFACE 

0.30 

(7.6) 

1.00 

(25.4) 

1.06 

(26.9) 

0.0004 

(0.010) 

10.3 

(45.8) 

— 

6 

1.50 

(38.1) 

SURFACE 

0.30 

(7.6) 

1.00 

(25.4) 

1.06 

(26.9) 

— 

— 

5.6 

(0.63) 

7 

. 

2.50 

(63.5) 

CIRCUM- 

FERENTIAL 

0.50 

(12.7) 

— 

— 

0.002 

(0.051) 

15.1 

(67.2) 





Table 8-2: Stress Intensity Factors Kj at Various Locations of Surface Flaws in Cylindrical Specimens Subjected to 

Tension from Photoelastic Tests 


SPECIMEN 

NUMBER 

STRESS INTENSITY FACTOR, K| FROM PHOTOELASTIC RESULTS 

K l|l-l/ K .|l-4 

V a/c 

1,1 "■ 

OTHER 

DETAILS 

AT LOCATION 

1-1 

1-2 

1-3 

1-4 

1 

ki_ 

KSU/lf^ 

(KN/m3'2) 

2.45 

(2.68) 

— 

3.39 

(3.73) 

3.71 

(4.08) 

0.66 

0.79 

a = 0.50 IN. (12.7 mm) 
a/D = 0.20 
a/2c = 0.31 

Kj/(Y<7 sfa) 

0-46 

— 

0.64 

0.70 

K,/< 1.950^ 

0.57 

— 

0.78 

0.86 

K|/(1.95o Va75") 

0.71 

- 

0.99 

1.08 

3 

ksWiTT 

KN/m3/2 ( 

4.80 

(5.28) 

w 

5.22 

(5.74) 

5.40 

15.94) 

0.89 

0.88 

a = 0.75 IN. (19.1 mm) 
a/D = 0.30 
a/ 2c = 0.39 

K,/(Yo Val 

0.78 

- 

0.85 

0.88 

K,/( 1.95o Val 

1.18 

- 

1.28 

1.32 

Kj/{ 1.950^/970"} 

1.65 

- 

1.80 

1.86 

5 

KSI v'In 
I <KN/m 3 /2) 

4.14 

(4.55) 

5.34 

(5.871 

5.99 

(6.59) 

6.14 

(6.75) 

0.67 

i- — - 

0.79 

a = 0.30 IN. (7.6 mm) 

a/D = 0.20 
a/2c = 0.31 

K,/(Yo v/T 

0.54 

0.70 

0.78 

0.80 

K|/(1-95 os/. aT 

0.67 

0.86 

0.96 

0.99 

K | /(1.95<7 N /iTo7 

0.85 

1.10 

1.23 

1.26 




Table 8-3: Stress Intensity Factors Kjj at Various Locations of Surface Flaws in Cylindrical Specimens Subjected 
to Torsion From Photoelastic Tests 



MAX APPLIED 
SHEAR STRESS 
T= 16T/(7rD3) 
PSI (KN/m2) 

STRESS INTENSITY FACTOR K,, AT LOCATION 

Kill '- 4 

1 


SPECIMEN 

PSI y'lN. 
(KN/m 3/2 ) 

1-2, K n .|l-2 

psi ^/TFT - 

(KN/m 3/2 ) 

1-3, K|| |l-3 

psi v/FFTT 

(KN/m 3/2 ) 

l-4,K„|l-4 

PSI v/lFT 
(KN/m 3 / 2 ) 

K„ju 

OTHER DETAILS 

NUMBER 

Ty/ntT 

K„tM 

2 

3.26 

(3.59) 

3.46 

(3.81) 

2.52 

(2.77) 

— 

m 

0.80 

0.08 

a = 0.50 IN. (12.7 mm) 
a/D = 0.20 
a/2c = 0.31 

J 

4 

mm 

3.20 

(3.52) 


1.36 

(1.50) 

0.17 

(0.19) 

0.85 

0.05 

a = 0.75 IN. (19.1 mm) 
a/D = 0.30 
a/2c = 0.39 

6 

8.45 

(9.29) 

5.47 

(6.02) 

4.21 

(4.63) 

2.35 

(2.58) 

0.29 

(0.32) 

0.67 

0.05 

a = 0.30 IN. (7.6 mm) 
a/D = 0.20 
a/2c = 0.31 




















APPENDIX A: PHOTOELASTIC DATA 


Fringe orders measured at various locations of local coordinates n and z 
(Figures 8-3 and 8-8) for slices taken in n~z plane of Specimens 1, 3 and 
5 loaded in tension and Specimens 2, b and 6 loaded in pure torsion are 
shown in Figure A-l to A-21. Each figure also shows slice location, slice 
thickness and model fringe constant. 

For Specimens 2, k and 6, which were loaded in pure torsion, a subslice in 

the form of a rectangu lar paral lelopiped was prepared from each of the n-z 

plane slice, as shown in Figure 8-6, Rectangular subslices were taken at 

z = 0.02 in. (0.51 mm) away from the notch plane. Measured maximum shear 

stress t at various locations of distance n are given in Table A-l for 
nt 

these subs 1 i ces . 


239 




Figure A- 1 : Measured Fringe Orders for the Cylindrical Specimen 1 in Tension at Slice L ocation /- 1 
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Figure A-2. Measured Fringe Orders for the Cylindrical Specimen 1 in Tension at Slice Location !~3 


Slice Location = 1-4 

Slice Thickness = 0.041 in. (1 .04 mm} 

Model Fringe Constant = 23.43 psi (0.162 MN/m 2 ) 



Distance n 



Figure A-3. Measured Fringe Orders for the Cylindrical Specimen 1 in Tension at Slice Location 1-4 


2k2 


A Slice Location ~ 1-1 

T Slice Thickness = 0.041 in. (1.04 mm) 

N I Model Fringe Constant = 23.55 psi (0.162 MN/m 2 ) 


Q 



Figure A-4. Measured Fringe Orders for the Cylindrical Specimen 3 in Tension at Slice Location T 1 
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N 

of 

o 

c 

CO 

ts 


Slice Location = 1-3 

Slice Thickness = 0.040 in. ( 1.02 mm) 

Model Fringe Constant = 24.25 psi (0.167 MN/m ) 



Figure A-5: Measured Fringe Orders for the Cylindrical Specimen 3 in Tension at Slice Location 1-3 


) 


I 

2hk 


f 


Distance, Z 


Slice Location = 1-4 

Slice Thickness = 0.040 in. ( 1 .02 mm) 

Model Fringe Constant = 24.37 psi (0.186 MN/m 2 ] 

0.267 0.214 



0,315 

0.231 

0.160 



0.327 

0.165 i 

0.103 



| i 





- 0.01 in. 

C = 

? 




(0.25 mm) 

^ 

O 

o 

in 

CN 

o 

t 


DISTANCE, n 


0.005 in. 
(0.13 mm) 


0.093 

0.053 



0.333 

0.207 , 

0.142 


i 

0.288 

0.219 



Figure AS: Measured Fringe Orders for the Cylindrical Specimen 3 in Tension at Slice L ocation 14 
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Figure A 7. Measured Fringe Orders for the Cylindrical Specimen 5 in Tension at Slice Location 1-1 


Distance 



Figure AS: Measured Fringe Orders for the Cylindrical Specimen S in Tension at Slice Location 


( 0 , 0 ) 


Figure A-9: 


Slice Location = 1-3 

Slice Thickness = 0.040 in. (1.02 mm) 

Model Fringe Constant = 24.56 psi (0.169 MN/m^) 


0.367 0.303 



0.211 


0.128 


Distance, n 


0.069 


0.178 


Orders for the Cylindrical Specimen 5 in Tension at Slice Location 1-3 


2^8 


Distance, 


N 


( 0 , 0 ) 


Slice Location - 1-4 

Slice Thickness = 0.038 in. (0.97 mm) n 

Model Fringe Constant = 25,32 psi (0.175 MN/ml 


0.372 


0.303 



1 

0.406 

0.321 


0.396 

0.222 

- 0.01 in. 

A 

c 

o 

d 

k 

1 

E 

LO 

CN 

O 

r 


^ (0.25 mm) * 

+ 

0,005 in. 
(0.13 mm) 


0.122 

t 

0.406 

0.278 


0.389 

0.325 


0.206 


0.122 


Distance, n 


0.067 


0.181 


Figure A - 10: Measured Fringe Orders for the Cylindrical Specimen 5 in Tension at Slice Location 14 



F ' 9Ure A ' 11: Meamed Frin 9 e 0rders for the Cylindrical Specimen 2 in Torsion at Slice Location /- 


Slice Location = 1-2 

Slice Thickness = 0.04 in. (1.02 mm) 

Model Fringe Constant = 24.07 psi (0.166 MN/m 2 ) 



Figure A 12. Measured Fringe Orders for the Cylindrical Specimen 2 in Torsion at Slice Location 1-2 
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* * Slice Location = 1-4 

Slice Thickness rr 0.040 in. (1,02mm) 

8 Slice Thickness = 24.37 psi (0.168 MN/m 2 ) 

(B 

5 


0.014 0.017 



Figure A- 13: Measured Fringe Orders for the Cylindrical Specimen 2 in Torsion at Slice Location M 
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Figure A- 14: Measured Fringe Orders for the Cylindrical Specimen 4 in Torsion at Slice Location /-/ 
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Figure A- 15. Measured Fringe Orders for the Cylindrical Specimen 4 in Torsion at Slice Location 1-2 


25b 


N 


Slice Location - 1-3 

Slice Thickness = 0.040 in. (1.02 mm) 

Model Fringe Constant = 24.25 psr (0.167 MN/m 2 ) 



Figure A- 16 : Measured Fringe Orders for the Cylindrical Specimen 4 in Torsion at Slice L ocation 1-3 
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^ M1: maSa,ed F "^ *>' '<•* Cylindrical Sterner, 4 in Torsion « Slice Location H 
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Slice Location = 1-1 

Slice Thickness = 0.039 in. (0.99 mm) 

Model Fringe Constant = 25.39 psi (0.175 MN/m 2 ) 



Figure A- 18. Measured Fringe Orders for the Cylindrical Specimen 6 in Torsion at Slice Location I- 1 
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Figure A- 19: Measured Fringe Orders for the Cylindrical Specimen 6 in Torsion at Slice Location 1-2 
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A Slice Location - 1-3 

T Slice Thickness = 0.039 in. (0.99 mm) 

N | Model Fringe Constant = 25.13 psi (0.173 MN/m 2 ) 

0> I 



Figure A-20: Measured Fringe Orders for the Cylindrical Specimen 6 in Torsion at Slice L ocation 1-3 
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t 



Figure A-21: Measured Fringe Orders for the Cylindrical Specimen 6-4 in Torsion at Slice Location 1-4 
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Table A- 1: Measured Maximum Shear Stress r nt at Various Locations of Distance n for Cylindrical Specimens Subjected to Torsion 


SPECIMEN 

NUMBER 

SUBSLICE 

LOCATION 

MAX 

SHEAR STRESS IN PSI (KN/m 2 ) AT Z = 0.02 IN. (0.51 mm), t = 0.0, AND AT 

n « 0.005 IN. 

= (0.127 mm) 



n = 0.010 IN. 

= (0.254 mm) 

n- 0.015 IN. 

= (0.381 mm) 

n - 0,020 IN. 

- (0.508 mm) 

n = 0.025 IN. 

- (0.635 mm) 

n = 0.030 IN. 

= (0.762 mm) 

2 

1-1 

3.73 (25.71 

3.22 (22.2) 

2.72 (18.8) 

2.01 (13.9) 

— 

— 

1-2 

2.93 (20.2) 

2.49 (17.2) 

2.00 (13.8) 

1.70 (11.7) 

1.22 (8.4) 

1-00(6.9) 

1-4 

3.45 (23.8) 

2.96 (20.4) 

2.26 (15.6) 

1.90 (13.11 

1.55(10.7) 

1 .30 < 9.0) 

4 

1-1 

3.58 (24.7) 

3.01 (20.8) 

2.25(15.5) 

1.82(12.5) 

— 

— 

1-2 

3.92 (27.0) 

3.25 (22.4) 

3.01 (20.8) 

2.48 (17.1) 

1.82 (12.5) 

1.53 (10.5) 

1-3 

3.34 (23.0) 

2.82(19.4) 

2.29 (15.8) 

1.77 (12.21 

1-43 ( 9.9) 

1.15 I 7.9) 

1-4 

2.39 (16.5) 

1.86 (12.8) 

1.53(10.5) 

1.15 (7.9) 

0.91 (6.3) 


6 

1-1 

3.50 (24.1) 

2.84 (19.6) 

2.32(16.0) 

1.85 (12.8) 

— 

— 

1-2 

2.97 (20.6) 

2.48 (17.1) 

1.96 (13.5) 

1.64 (11,3) 

1.24 ( 8.5) 



1-3 

2.50(17.2) 

2.10(14.5) 

1.56(10.8) 

1.23 | 8.5) 

1.00 l 6.9) 

— 


1-4 

Z30 (15.91 

1.90(13.1) 

1.49(10.3) 

1.14 ( 7.9) 

0.95 ( 6.6) 





















































APPENDIX B: LIST OF SYMBOLS 


a Crack depth of surface flaw or semi-minor axis of ellipse or half 

crack length for through cracks. 

b Half width of through cracked specimens. 

2c Crack length of surface flaw or major axis of ellipse. 

d Diameter of the round bar in the plane of the crack. 

D Diameter of the round bar. 

E Young's modulus. 

E (k) Complete elliptical integral of the second kind. 

I Moment of inertia 

k,k' Modulus and complementary modulus for elliptical integrals 
given by k = 1 - a /c and k 1 = a /c . 

K(k) Complete elliptical integral of the first kind. 

K| Opening mode or Mode I stress intensity factor. 

Kj | Sliding mode or Mode II stress intensity factor. 

Kj | | Tearing mode or Mode III stress intensity factor. 

K| Plane strain fracture toughness for Mode I. 

K| |c Plane strain fracture toughness for Mode II 

K| | | c Plane strain fracture toughness for Mode III. 

K|£ Plane strain fracture toughness for Mode I from surface flawed 

spec imens . 

Mode I stress intensity factor due to pure bending. 

K| t Mode I stress intensity factor due to extensional (tensile) 

1 oad i ng only. 

M d Parameter for stress intensity factor for a semi -el 1 ipt ical 

D 

surface crack in a plate subjected to bending. 

M.. Stress intensity magnification factor for a semi -el 1 i pt ical 

tv 

surface crack in a plate subjected to uniform tension. 
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n,t,z Local curvilinear orthogonal coordinate system at the crack 
front • 

P Applied load. 

Q EE (k) ] 2 - 0.212 (jy/ff i 2 

r Radial distance from crack front in x-y or n-z plane, 

t Thickness of flat specimen or tube. 

T Applied torque. 

W Width of flat specimens. 

x,y,2 Cartesian coordinates. 

Y Dimensionless stress intensity coefficient for single edge cracks, 

a Proof test factor. 

6 Crack opening displacement at the diametral center for an 

elliptical crack or flaw opening displacement for a surface flaw. 

e Angle in polar coordinates. 

X Shell parameter. 

p Shear modulus. 

v Poisson's ratio. 

p Notch root radius. 

a Gross applied tensile stress. 

Og Maximum bending stress atouter fibers of the flat specimen. 

t Maximum shear stress at outer fibers (surface) of a cylindrical 

specimen subjected to torque T. t = l6T/( D j ) . 

cfy S Uniaxial tensile yield strength. 

<)> Angle between the crack plane and specimen cross section. 
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SUBSCRIPTS 


i at initial conditions 

cr at critical conditions 

f at final conditions 

F at fracture 
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